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SUMMARY
The objective of this study was to characterize the surface properties of water-
dried celluloses with respect to Van der Waals type surface forces using gas adsorp-
tion techniques. The attractive surface forces can be conveniently divided into two
broad categories: polar and nonpolar. The nonpolar forces are functional regardless
of the solid and gas species interacting at the solid-gas interface. The magnitude
of the polar forces depends upon the presence of an electrostatic field emanating
from the solid surface. This field can interact with the permanent dipole moment
of a polar molecule. Or, this field can polarize the electron cloud of a nonpolar
molecule causing an induced dipole moment.
Three adsorbate gases, argon, nitrogen, and trichloromonofluoromethane, were
used for adsorption measurements. Because of the differing physical properties of
these polar and nonpolar gases, a comparison of the interaction of these gases with
the same cellulosic substrate yielded an understanding of the relative importance
of the polar and nonpolar surface forces.
A recording vacuum microbalance system using a Cahn electromagnetic balance
was constructed for the collection of the necessary adsorption data. This gravi-
metric method was used because of the low surface area of the three adsorbents:
a holocellulose, an alkali-extracted holocellulose, and an acid-hydrolyzed holo-
cellulose.
Since adsorption data themselves cannot produce information but can only
produce information in the light of a particular model, a physical adsorption
model for multilayer adsorption on a patchwise heterogeneous surface was developed
to aid in interpreting the adsorption data. This multilayer adsorption model is
a significant improvement upon the presently used Ross and Olivier model which
assumes only monolayer coverage. Nonlinear regression analysis techniques were
used to fit the new model to the experimental gas adsorption data to obtain
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estimates of the unknown model parameters. The model parameters characterize the
surface in terms of a log-normal adsorptive potential distribution and the surface
area. For the first time, confidence intervals were calculated for the parameters,
thus enabling statistically valid comparisons to be made. The nonlinear regression
analysis procedures can also be used to evaluate proposed adsorption experimental
designs.
All three water-dried cellulosic adsorbents were found to be very heterogeneous
surfaces with relatively low adsorptive potential energies. The adsorption data
indicated that the untreated holocellulose and acid-hydrolyzed holocellulose have
similar adsorptive potential distributions while the alkali-extracted holocellulose
apparently has a lower and more uniform adsorptive potential distribution. Consider-
ing the results of the methods used in characterizing the adsorbents (e.g., electron-
micrographs, carbohydrate analysis, and x-ray diffractometric procedures) the
difference in the adsorptive potential distribution for the acid-hydrolyzed holo-
cellulose and the alkali-extracted holocellulose appears to be due to physical
effects and surface topology. However, the difference between the untreated holo-
cellulose and the alkali-extracted holocellulose is probably due to chemical effects
caused by the loss of hemicelluloses upon extraction. The apparent lack of a surface
electric field resulted in an insignificant contribution of the classical electro-
static polar interactions to the adsorptive potential. Thus , the physical adsorption




It is becoming increasingly apparent that the surface properties of cellulose
play a dominant role in many industrial processes. Of particular importance are
the surface forces that are present at the solid-gas interface of cellulose. These
surface forces originate from the fields of force that hold a solid together. At
the surface of a solid these fields of force cannot suddenly disappear, but will
reach out into the space beyond; these forces can therefore attract the molecules
of a liquid (as in wetting phenomena and adsorption from solution) or the molecules,
atoms or ions of another solid (as in adhesion). These same surface forces also
give rise to the phenomenon of gas adsorption that results in a greater concentra-
tion of gas molecules near the surface of a solid than in the surrounding gas phase.
The objective of this thesis is to characterize the surface properties of
water-dried cellulose with respect to the functioning surface forces using gas
adsorption techniques. Adsorption at the solid-gas interface can be visualized
as a reaction scheme. This formulation emphasizes the basic concept of the experi-
mental approach; that is, an investigation of the solid-gas complex can be used to
characterize the solid (see Fig. 1).
X SOLID + AGAS X A COMPLEX
Figure 1. Solid-Gas Complex
It is apparent that a complete understanding of the solid-gas interface depends
upon a knowledge of the mechanism of surface forces. Fundamentally, surface forces
originate, as do all intermolecular forces, from the electromagnetic interactions
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of the nuclei and the electrons comprising the system. The attractive surface forces
can be conveniently divided into two broad categories: polar- and nonpolar-type
adsorptive forces. The nonpolar-type forces are functional regardless of the solid
and gas interacting at the solid-gas interface. The magnitude of the polar forces
depends upon the presence of an electrostatic field emanating from the solid surface.
A polar molecule with a permanent dipole moment can interact with this field by
classical electrostatic interactions. Or, the electron cloud of a nonpolar molecule
can be polarized by this field, creating an induced dipole moment which interacts
with the field. The intent of this investigation is to characterize water-dried
celluloses in terms of an adsorptive potential distribution and to determine the
relative contribution of the polar and nonpolar surface forces to the adsorptive
potential.
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BACKGROUND OF THE THESIS PROBLEM
THE NATURE OF ADSORPTIVE FORCES IN PHYSICAL ADSORPTION
One of the first statements that must be made before discussing atomic forces
and adsorption is that there are no special adsorption forces. The various forces
that promote adsorption of gases have the same origin as all intermolecular forces
(i.e., the electromagnetic interactions of the nuclei and electrons comprising the
system) (1).
Adsorption is divided into two general categories: physical adsorption and
chemisorption. Physical adsorption results from the action of Van der Waals forces
which are considered to be made up of London dispersion forces and classical electro-
static forces. With these forces, there is no transfer or sharing of electrons
between a molecule and the solid. As a molecule approaches the solid, the electrons
may take up a new equilibrium distribution, but they maintain their respective
associations in the interacting species. Chemisorption arises from the transfer
or sharing of electrons between the adsorbate and adsorbent. The chemisorption
bond has all the characteristics of a chemical bond (2). Physical adsorption is
usually weaker than chemisorption. Experimentally determined heats of adsorption
are often used to distinguish between the two types of adsorption.
The forces responsible for physical. adsorption may be conveniently classified
as those associated with:
(1) permanent dipole moments in the adsorbed molecule (orientation forces)
(2) polarization, i.e., distortion of the charge distribution within the
adsorbed molecule (induction forces)
(3) dispersion effects
(4) short-range repulsive effects.
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Since the dispersion and repulsive effects are invariably present, sometimes alone
and sometimes in cooperation with other types of forces, they will be discussed
first. The description of dispersion and repulsive forces which follows is essen-
tially the development of Honig (3).
Fluctuating dipoles or multipoles are associated with the electron cloud
configuration about the nuclei of any atoms or molecules. In the case of nonpolar
gases these fluctuations are such that, on the average, the centers of positive
and negative charge coincide. The transitory multipoles will induce similar
asymmetries of charge on adjacent molecules. In addition, interactions occur.
with multipoles already present on neighboring partners. The assembly of multi-
poles just described, on the average, will remain in parallel orientation, since
such a configuration leads to a maximum attractive interaction energy. Forces
arising from this type of interaction are known as Van der Waals dispersion forces.
In the case of a pair of atoms separated by distance r_, the approximate attractive
potential energy of interaction is
ud(r) = -Cl/r 6 - C2/r 8 - C 3/r
10 (1)
where C1, C2, and C3 are constants associated with instantaneous dipole-dipole,
dipole-quadrupole, and quadrupole-quadrupole interactions, respectively.
Two molecules are also subject to a mutual force of repulsion that becomes
prominent when appreciable interpenetration of their electron clouds occurs.
Quantum mechanical calculations indicate that this repulsion potential is given
by (54)
u (r) = Be-r/r (2)r
where B and r' are appropriate constants. Frequently, an empirical expression
of the form
-7-
u (r) = C4/r (3)
r
is used in place of Equation (2). In this expression, the constant m is generally
taken as 12.
The total interaction potential is given by a combination of dispersive terms
(dipole-dipole and dipole-quadrupole only) with the repulsive terms
u(r) = -Cl/r 6 - C2 /r
8 + C4 /r
12 . (4)
At a certain equilibrium distance r = r , the forces of attraction and repulsion
just balance; thus, (au/3r) = 0. Using Equation (4) in this condition, one
- -O
can write C4 in terms of C1 and C2 as
C4 = ./2Clro6 + /3C 2 r . (5)
Substituting Equation (5) into Equation (4) then yields
u(r) = -Ci/r 6 - C2 /r
8 + 1/2Cir 6 /r 1 2 + / C2 r 
4/r 12 (6)
so that
u = u(r) = -l/2Cl/r6 - /3 C2/rO8 . ()
If the dipole-quadrupole term of Equation (7) is neglected (C2 = 0), then Equation
(7) reduces to
u = - Cl/r 6 (7a)
0 0
Solving Equation (7a) for C1 and substituting C1, and C2 = 0, into Equation (6),
one obtains finally
u(r) = u [2(r/r) 6 - (r /r)12].
0 0 ~~~0 (8)
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The dispersion and repulsion energies, in-general, can be assumed to be addi-
tive; i.e., the total energy for a collection of the molecules can be expressed as
a sum of pairwise interactions over all pairs of the configuration. The energy of
attraction holding an adsorbed molecule to the surface of an idealized solid can
thus be calculated once the interactions ud(r) and u (r) between the adsorbate and-d -r
a single lattice atom are known. It is necessary to sum Equation (8) over all dis-
tances r. between the location of the adsorbed particle and lattice points of the
-1
idealized solid as illustrated in Fig. 2.
o o o
ao ao i
0 0 0 0
Figure 2. Adsorbate on an Ideal Lattice
Bounded by a Smooth Surface (3)
This summation procedure can become quite tedious. Fortunately, it is possible
to obtain qualitative information using an integration process. In this method,
the real lattice is replaced by a semi-infinitive planar continuum. The density
of this equivalent continuum must be adjustable to match the mass of the k lattice
atoms per unit volume of the ideal solid; then p represents the number of "equiva-
lent lattice points" per unit volume of the continuum.
Let z be the shortest distance between the location of the gas atom and the
surface, and let the particle be located at the origin of coordinates. The total
interaction energy between the adsorbate and the semi-infinitive planar solid is now
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W(z) = r rP r u(r)pdxdydz (9)
Z -0 -0
where x and y are orthogonal coordinates in the plane of the surface.
For simplicity, change to cylindrical coordinates, denoting by w the radial
distance from the z axis to a point in the interior of the continuum, so that
r 2 = z 2 + w2 .(see Fig. 3).
r z
WI
Figure 3. Adsorbate on Continuum-Bounded Plane Surface (3)
·2 2-n
According to Equation (8), u(r) has the form I K r where K is the
coefficient of the jth term on the right-hand side of Equation (8), and where n
assumes the values 6 and 12. Thus,
2
K f r00 27rwdwdz
W(z)= I KZp. -X n /2
j= l (z + w2 )
2 pK p PT f0 dz ___
= K n /2- 1 z (n/2- 1)
n 1)n- 3)(n/2 ( (n10)
J-l -3 J nj/ 2 - - /
-10-
For j = 1, n = 6, and for J = 2, n = 12. Substitution of these values into
Equation (10) leads to
W(z) = pro 3u (q3/3 - q9/45)
0
(11)
with a = r /z. A plot of Equation (11) is given in Fig. 4 for the hypothetical
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Figure 4. Van der Waals Dispersion Potentials for Interaction
Between Adsorbate and Continuum Adsorbent (3)
The equilibrium distance z can be calculated by use of the condition
(W/az)z=z = 0, which leads to a value z = 0.765r . The depth of the potential=Z- --0
- -0 -
minimum is W = 0.497r 3 pu . A final simplification can be effected by neglecting
the repulsion potential (setting C4 = 0). Equation (11) now reduces to
W(z) = -rpCi/6z3 .
I
(12)
A plot of W versus z is shown in Fig. 4. Under the assumed conditions, it repro-
duces the more complex equations quite well in the range z > r (4).
The quantity -W represents the energy required to remove the adsorbed atom
-o
back into the gas phase, and z is the equilibrium distance between the surface of
the continuum and the adsorbate particle. One must consider another complicating
factor in determining the adsorption potential. The center of mass of the molecule
vibrates in the potential well of Fig. 4 along the z direction. Such vibrations are
quantized and give rise to a set of discrete energy levels. The lowest vibration
102 -1
frequency was found by Hill (5) to be of the order of magnitude of vz = 102 sec..
Thus, at 0°K, the adsorptive potential energy is given by -(W - hv /2).-o -z
In addition to these dispersion forces, an adsorbent may have an external
classical electrical field described by an electric field intensity E. This field
will induce a dipole or higher order moment in the charge distribution of the
adsorbed molecule (see Fig. 5). As a result, an adsorptive potential is developed.
The contribution to the interaction energy arising from this cause at a distance r
from the surface will be given by
ug(r) = -E2 5/2 (13)
where i is the polarizability of the molecule.
If the adsorbed molecule possesses a permanent dipole, it will orient with the
surface electric field producing an additional adsorptive potential. This energy
of interaction is given by
u (r) = -Ep cosT (14)
where u is the dipole moment of the adsorbed molecule, E is the strength of the
electric field, and T is the angle between the axis of the dipole and the field (7).
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Figure 5. (a) Unperturbed Atom Where Center of Positive and Negative
Charges Coincide; (b) Induced Dipole p Resulting from an
External Electric Field E (6)
Up to this point, only the interactions between the adsorbate molecules and
the adsorbent have been considered. However, two molecules adsorbed on the same
surface will attract each other with Van der Waals forces. The contribution of
these mutual attraction forces between adsorbed molecules may in some cases lead
to an important increase in the total adsorption energy.
The general picture which emerges from this consideration of physical adsorp-
tion forces acting between a solid and a molecule of adsorbate is that the total
interaction energy may consist of five principal components: u (r), the dispersion
force contribution; u,(r), the contribution due to the polarization of the adsor-
bate by the surface; u (r), the contribution arising from the interaction between
a permanent dipole in the adsorbate and the electrical field of the adsorbent
surface; u. (r), the contribution arising from the interaction between adsorbate
molecules; and u (r), the always-present repulsion term. Any physical adsorption
phenomenon is a result of the cooperation of at least one of the attractive force
phenomenon is a result of the cooperation of at least one of the attractive force
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components and the repulsive force. Of the various attractive forces, the dispersion
force component is always present and one or more of the other attractive forces may
also be present.
ANALYSIS OF ADSORPTION DATA USING THE BET THEORY
Gas adsorption techniques can be used to characterize the surface properties of
a solid with respect to functioning surface forces. Brunauer, et al. (8) classified
adsorption isotherms according to five types. These are shown in Fig. 6. Type I is
often referred to as the Langmuir type because it corresponds to experimental iso-
therms of monolayer adsorption. Type II is very common in the case of physical
adsorption and corresponds to multilayer formation. Type III is relatively rare and
seems to be characterized by a heat of adsorption less than or equal to the heat of
liquefaction of the adsorbate. Types IV and V are considered to reflect capillary
condensation phenomena in that they level off before the saturation pressure is
reached and may show hysteresis effects.
3 . n _1 in y EC,>
0 1.00 0 1.0 0 1.0 0 1.0
P/Po P/Po P/Po P/Po P/Po
Figure 6. Five Types of Isotherms According to Brunauer, et al. (8)
The method that has gained the greatest prominence in analyzing gas adsorption
data is the BET method. This very important theory of multilayer adsorption was
developed by Brunauer, et al. (9). It is based on a localized model of adsorption
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(i.e., the Langmuir isotherm). The BET equation was the first and still is the
most used multilayer isotherm equation. The model from which the BET equation is
obtained rests on the following assumptions (4):
(1) Equivalent sites are available for localized adsorption in the
first layer.
(2) Each molecule adsorbed in the first layer is considered as a
possible "site" for adsorption in a second layer; each molecule
adsorbed in the second layer is considered as a possible "site"
for adsorption in the third layer, etc.
(3) All molecules in the second and higher layers are assumed to have
the same partition function as in the liquid state, which is
different from the partition function of the first layer.
(4) Horizontal interactions between molecules are ignored for all
layers.
Using the above assumptions and assuming an infinite number of adsorbate layers are
possible, the following isotherm equation was derived for multilayer adsorption on
a uniform surface.
p/[V(po - p)] = l/(VmC) + (c - l)p/(Vmcp0 ) (15)
where
V = volume adsorbed
2p = pressure
4p = vapor pressure of the gas at absolute temperature, T
V = monolayer volume
c exp - RT and where
sexp[(Q - _QL)/_RT], and where
-15-
R = gas constant
Q1 = the heat of adsorption of the gas in the first adsorbed layer
QL = the heat of vaporization of the liquid adsorbate.
-L
If one plots the function p/V(po - j) against E/po, one usually obtains a straight
line between a R/Ro value of 0.05 and 0.3 whose slope and intercept give the values
V and c.
-m
With the possibility of evaluating the saturation capacity of a surface in
terms of a monolayer volume, V , a practical application of the adsorption isotherm
becomes obvious: the measurement of the relative degree of subdivision of a solid
in terms of its specific surface area. The specific surface area of a solid adsor-
bent, EBET' in m. 2/g. then follows:
BET= (Vm/22400)Na 10 2 (16)
where V is in cc. of adsorbate (measured at STP) per gram of adsorbent, N is
-m
Avogadro's number, and a is the molecular cross-sectional area of the adsorbate
in A.2/molecule.
In spite of the crudity of the assumptions involved in its derivation, the BET
equation is an extremely useful qualitative guide for experimental work, particu-
larly as a method for determining surface areas. The use of this simple model has
made possible great advances in both theoretical and practical studies of surface
chemistry and physics.
One must not confuse the triumphs of the BET theory in this practical applica-
tion with its claims as a model of the adsorption process. In this latter aspect
it is far from satisfactory. Considering the assumptions on which the BET theory
is based, one must conclude that a more satisfactory physical adsorption model is
possible.
THE CONCEPT OF SURFACE HETEROGENEITY AND
THE ROSS AND OLIVIER ADSORPTION THEORY
When considering adsorption on a real solid, one must question the assumption
of a uniform adsorptive potential used in the BET theory. Various modifications
must be considered for a realistic model for physical adsorption on real solids.
Three complicating factors that must be taken into consideration are: (1) Real
solids are finite in extent, so that a certain percentage of the constituent atoms
are located on edges or corners of the lattice network. The higher surface energies
attributable to the presence of such atoms are termed "edge effects." (2) The
solid may be riddled with all types of imperfections, fissures, cracks, pores,
elevations, and dislocations. (3) Impurities, consisting of foreign atoms or of
ions with abnormal valencies may be present (3). All of the above imperfections
may affect the adsorbent-adsorbate interaction energy. Thus, for any real solid,
there is a distribution or spread of adsorptive potentials at the solid-gas inter-
face. The surface is said to be heterogeneous or nonuniform.
Ross and Olivier (10) have written an entire monograph developing a more
realistic physical adsorption model which attempts to correct for most of the
criticisms of the BET theory model. Considerable attention was devoted to the
concept of a heterogeneous surface.
The Ross and Olivier model of adsorption on.a heterogeneous surface is based
on the following postulates: (1) The surface is composed of very small patches
(i.e., homotattic patches) of different energy that adsorb independently of each
other. A homotattic surface is defined as the surface of a submicroscopic patch
or region of a larger surface, which acts as if its structure were uniform and
homogeneous. (2) On each homotattic patch the adsorbate behavior is described
by a local adsorption isotherm equation. (3) The distribution of adsorption
energies among these patches is represented by a continuous distribution function,
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d6. = I(U)dU (17)
where d6. is the incremental fraction of the total surface with potential energies
1
between U and U + dU. (4) The relative coverage of the whole heterogeneous surface,
®, is obtained by integrating i , the coverage of the ith patch at any p and T, over
all the patches. Thus,
®(p,T) = fO0.(p,T,U)D(U)dU. (18)
o 1
Since ® can be determined experimentally, the two unknowns remaining are: the
form of the local isotherm, 0., and the distribution function, ((U) (11, 12).
From these general considerations, Ross and Olivier proceeded by means of two
assumptions: (1) On each homotattic patch the adsorbate adsorption is described
by the Hill-deBoer adsorption isotherm equation:
1 1-k 0 ex p r 0 2 (19)p = ki e exp |_ - T- (19)-
where
k. = a constant related to the adsorption energy of the substrate for
-- the adsorbate
= two-dimensional analog of the Van der Waals constant a
8 = two-dimensional analog of the Van der Waals constant b
o = the degree of coverage of the homotattic patch by a close-packed
monolayer of adsorbate
T = absolute temperature. - -
The Hill-deBoer equation is derived from the two-dimensional analog of the Van der
Waals equation using the Gibbs adsorption theorem to relate the equilibrium pressure,
p, in the gas phase to the spreading pressure of the adsorbed film. Using this
relationship, the adsorbed film is characterized as mobile, and the lateral inter-
actions of the adsorbate molecules are taken into account. (2) The distribution
function, D(U), is assumed to be Gaussian
O(U) = f exp[-y(U - U')2] (20)
where
U' = the mean adsorptive potential at the maximum of the distribution
curve
y = the heterogeneity parameter which determines the width of the
distribution
= a normalizing factor, such that
/g d6 1. (21)
e 1
For each distribution curve there are practical lower and upper limits of U, which
are designated e and g, respectively, beyond which the density of the distribution
function is insignificantly small (e.g., U values when the density is < 0.001).
As a result of the above assumptions, the adsorption isotherm equation now
has the form
1 g 8 exp[-y(u - U')2]dU (22)
where 8. is derived from the Hill-deBoer equation. Unfortunately, the above integral
is intractable. However, with the aid of a computer, Ross and Olivier (10) prepared
tables of model isotherm values using numerical techniques. The total range of U
was divided into 50 (or occasionally 100) patches of different absorptive potential.
To get the corresponding isotherm, each patch was treated as an individual uniform
surface of energy U.i , and its fractional coverage by the adsorbate was given by the
Hill-deBoer equation.
The computed isotherms representing the total coverage at pressure p were then
described by
50. .
® = .A6i (23)
i=l
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where A6 was the fraction of the surface having energies between U. and U. +
AU.
A typical family of computed isotherms, which were calculated from the above
equation, is shown in Fig. 7. The same adsorbate was used with a number of sub-









0 0.10 0.20 0.30
p/k'
Figure 7. Computed Isotherms for Argon Adsorbed as a Mobile Film
at 77.5°K on Substrates of Varying Heterogeneity
In the monograph by Ross and Olivier (10), tables are given listing 0 values
for the different values of p/k'. The parameter k' is the particular value of
k. which corresponds to the mean U' of the Gaussian distribution.
To use the computed tables, the experimental isotherm is matched against computed
isotherms until the best fit is obtained. This is done by plotting the theoretical
isotherms in the form ofln e against in p/k' on a large sheet of paper. The experi-
mental isotherm is plotted on tracing paper as In V against in p where V is the
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quantity of adsorbate adsorbed at pressure p. The experimental isotherm is then
slid along the axes until the theoretical isotherm which fits it most closely is





In p *--*4In k'
-6 -4 -2 0
In p/k'
Figure 8. Theoretical Isotherms and Superposed Experimental Isotherm
The vertical displacement of the two scales is equal to ln(V) where Vis the
monolayer capacity. Since 8 = V/VB, then
in ® + in V = In V.
p
(24)
The horizontal displacement gives in k' which is related to U' (the mean adsorptive
potential) by the following relationship:
0
k' = A exp(-U'/RT) (25)
0
where A is a temperature-dependent function defined by various standard changes of




For a mobile adsorbed film, In A is given by
tr vib vib
o -AS o rot Fv - Evib kin /
A R - R RT RTln(A) = R A + a _- ao +E - (n -s) + in (760) (26)
where
tr
AS = the integral translational entropy change per mole of a gas
- in its standard state to a mobile adsorbed film in its
standard state
rot
AS = rotational entropy change upon adsorption
F ib = additional Gibbs free energy of the adsorbed phase due to
- molecular vibrations with respect to the surface
E = average vibrational energy of an adsorbed molecule at 0° Ka-o
AEkin = change in kinetic energy of translation and rotation upon
adsorption
E = fraction of the surface covered at the standard state of the
- adsorbed phase.
0
The term in A describes in mathematical language the assumed character of the
adsorbed film, taking into account a new vibration, peculiar to the adsorbed state
of the molecule with respect to the substrate.
The adsorptive potential designated by U is defined as the potential energy
difference between the lowest energy state of a molecule in the gas phase (i.e.,
infinitely removed from the surface) and its lowest energy state in the adsorbed
phase (i.e., the zero point vibrational level, E i b ), both at infinite dilution.
a-0
A schematic description of U and its relation to other heats and energies of adsorp-
St diff
tion (i.e., isosteric, I , and differential, A , heat of adsorption) are shown
in Fig. 9. The U parameter, as defined above, is characteristic of the adsorbate-









Figure 9. Energy Relations for an Adsorbate-Adsorbent System
In conclusion, Ross and Olivier have obtained a realistic model for physical
adsorption of gases on real surfaces. They have been able to express the model
with a workable mathematical set of equations in terms of the molecular properties
of the adsorbed molecules and adsorbents.
PREVIOUS WORK IN GAS ADSORPTION ON CELLULOSE
The physical adsorption of gases on cellulose has been extensively investigated
where the cellulose fiber specific surface area and pore size distribution were the
experimental quantities obtained, as summarized by Stamm (13). In general, these
investigations used the BET gas adsorption theory to determine the specific surface
area. The Pierce method (14) was used to determine the pore size distribution.
A typical isotherm for the physical adsorption of a gas on cellulose is shown
in Fig. 10. This particular isotherm was obtained by Haselton (15) for nitrogen
-23-
adsorption on a benzene-dried chlorite holocellulose at 77.5°K. The peculiar shape
and the large hysteresis loop of the isotherm in Fig. 10 are indicative of the highly





Figure 10. Nitrogen Adsorption on a Benzene-Dried
Chlorite Holocellulose at 77.5°K (15)
More recently, Barber (16) concluded a study using the Rcss and Olivier theory
to investigate the surface energy site distribution of cellulose fibers. Using
the Ross and Olivier theory, three parameters were obtained to characterize the
cellulose fiber surface. These parameters were the specific surface area, the mean
adsorptive potential, and the surface heterogeneity factor, y. An inert monoatomic
adsorbate gas, argon, was used throughout the investigation. The possible adsorbate-
adsorbent interactions were limited to nonpolar Van der Waals type interactions in
-24-
the data analyses by assuming that the interaction due to polarization of argon was
negligible. A summary of the experimental results for water-dried fibers is pre-









EXPERIMENTAL RESULTS FOR WATER-DRIED FIBERS (16)
Ross and Olivier
Specific Surface
Area, m. 2/g. kcal./mo
1.41 1.26






Deitrich (17) continued this line of investigation by determining the energy
site distribution of cotton cellulose fibers with a nitrogen gas adsorbate. All
of the cellulose samples used in this investigation were prepared by WAN drying
(i.e., solvent exchange from a water-swollen state). By using the diatomic adsor-
bate gas molecule, an additional type of adsorbate-adsorbent interaction was
possible if the cellulose adsorbent had a surface electrostatic field to polarize
the nitrogen molecule (uE(r) = -E2i/2).
In order to apply the Ross and Olivier theory to the nitrogen adsorption data,
a separate estimate of the surface electrostatic field was required. Deitrich
selected the technique of Chessick, et al. (18) for this determination.
Chessick, et al. (18) found that the heat of immersion of a solid in polar
liquids was approximately a linear function of the dipole moment of the wetting







of interaction in the polar liquid was due to the added contribution of a polar Van
der Waals adsorptive potential (i.e., u (r) = -El cost). The slope of the plotted
line gives an average strength of the electrostatic field E emanating from the
solid at the position of the dipole. The intercept gives an average value of the
dispersion energy.
Deitrich (17) found that the average electrostatic field strength of the
cotton cellulose was 0.13 x 105 esu.cm.2 He concluded that this field was too
weak to induce a significant induced dipole moment in the nitrogen molecule.
Deitrich's results for cotton fibers are compared with the results for the other
solids studied by Chessick, et al. in Fig. 11.
-26-
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Figure 11. Heat of Immersion Versus Dipole Moment of Wetting Liquid
m_
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APPROACH TO THE THESIS PROBLEM
DEVELOPMENT OF A NEW MULTILAYER ADSORPTION MODEL
The Ross and Olivier model is difficult to apply to adsorbents of extreme
heterogeneity. The adsorption isotherms of these adsorbents are nearly linear
on a ln-ln plot. Therefore, the graphical solution methods suggested by Ross
and Olivier (see Fig. 8) yield an ambiguous range of possible solutions. Because
of this problem, the limitations to monolayer coverage on each homotattic patch
in the Ross and Olivier model, a new adsorption model was developed. The new
model retains the basic approach that Ross and Olivier used, but the model has
been modified to permit multilayer adsorption on each homotattic patch. In addi-
tion, a more realistic distribution function for the adsorptive potentials was
incorporated in the new model.
MULTILAYER ADSORPTION ON HOMOGENEOUS SURFACES
When adsorption takes place on a homogeneous surface, there are two-dimen-
sional phase transitions resulting from the successive condensation of filled
adsorbate layers. These transitions are very distinct if the isotherm temperature
is below the two-dimensional critical temperature and if the adsorbent is extremely
homogeneous. The results of Duval and Thomy (19) demonstrate this effect for the
adsorption of krypton on an exfoliated graphite surface at 77.4°K. This homogeneous
graphite surface was obtained by splitting graphite crystals by means of the thermal
dissociation of its intercalation compound with ferric chloride. Five distinct
transitions corresponding to the formation of five adsorbate layers are well defined
in the adsorption isotherm (see Fig. 12). 'deBoer and Broekhoff (20) have shown that
experimental adsorption data, such as shown in Fig. 12, can be explained theoreti-
cally as the independent and successive formation of mobile two-dimensional Van der
Waals phases, one after another. That is, multilayer adsorption is interpreted as
-28-
the independent and successive formation of adsorbate monolayers, one on top of
another. Each adsorbate layer is described by the Hill-deBoer equation [see
Equation (19)] in the form
u 9 9 2ac
p = A exp R 1 xp -e RT (27)
where the J index denotes the adsorbate layer and the other variables are used as
defined on pages 17-21. The fractional coverage at each adsorbed layer, 0 , can be
expressed as a nonlinear function of the adsorptive potential, pressure, and tempera-
ture.
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Figure 12. Krypton Adsorption on an Exfoliated
Graphite at 77.40K (19)
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A relationship is needed to specify the adsorptive potential, U., at the jth
adsorbate layer. Consider Equation (12) derived earlier, i.e.,
W(z) = -TpCl/6z3 (28)
for the Van der Waals forces above a continuum surface. From Equation (28) it is
evident that the adsorptive potential at the jth layer should be inversely propor-
tional to the 3rd power of the distance of the jth adsorbate layer from the surface.
If one assumes that the adsorbate layers are at equally spaced distances, r , above





U4 = U1/4 3
o
U. = U1 /j
3 j = 2,3,... (29)
Equation (29) neglects the potential energy of interaction of the adsorbate
molecules themselves. The adsorbate molecules in each layer below the adsorbate
layer under consideration contribute an adsorptive potential proportional to 2a/3
where 2a/6 is the heat of condensation for a two-dimensional Van der Waals gas (10).
Equation (29) can be modified to account for the adsorbate term as follows:
U2 = U1/2
3 + (2ae1 /3)
U3 = U1/3
3 + (2ae 1/~)/2
3 + (2ae 2 /3)
U4 = U1 /4
3 + (2ae 1i/)/3
3 + (2a82/8)/2 3 + 2(03/6
o
U. = Ul/ 3 + (2ae 1 /l)/((j-1)
3 + (2ae2/M)/(j-2)3
+ ... j = 2,3,... (30)
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Equation (30) can be written in a generalized form as
U = U1 + 2a (k-l)
3 k=2 (j - k + 1) 3
j >2 (31)
The concepts used in deriving Equation (31) are consistent with the experimental
observations of Beebe and Young (21). Their experimental data conform to a good
approximation to the results predicted by Equation (31). Beebe and Young calori-
metrically measured the heats of adsorption of argon on Spheron carbon blacks at

















Figure 13. Calorimetrically Measured Heats of Adsorption of
Argon on Spheron Carbon Blacks at 77.5°K (21)
Returning now to Equation (27a), the specific volume* of gas adsorbed at the
Jth layer is VB where VB is the volume of gas adsorbed per gram of adsorbent when
*Specific volume refers to volume per unit mass.
3.
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the area occupied by each adsorbate molecule is 8. Therefore, the model for multi-
layer adsorption on a homogeneous surface is
V(p,T) = Vg e j(Uj,p,T) (32)
where U. is given in Equation (31).
MULTILAYER ADSORPTION ON HETEROGENEOUS SURFACES
Adsorptive Potential Distribution Function
A homogeneous surface was assumed to have a uniform adsorptive potential, U1;
however, a heterogeneous surface will have a distribution of adsorptive potentials,
Y(Ui.) to describe the energetic heterogeneity of the surface.
A Gaussian probability function was selected by Ross and Olivier to describe
the distribution of adsorptive potentials present on an adsorbent surface [see
Equation (20)]. The Gaussian distribution function is presented in Equation (20a):
(U. ) =1 exp -(U - UMen) (20a)
where f is the normalizing factor and UMean is the mean value of the distribution.
A schematic diagram of a Gaussian distribution is presented in Fig. 14 (22). Un-
fortunately, this distribution function has the disadvantage that at increasing
degrees of heterogeneity, it assigns a negative value to the adsorptive potential
U., for larger and larger fractions of the surface. One way to avoid negative
values of U. is to truncate the Gaussian distribution at U. = 0, and to normalize
the remaining part Uil > 0 by dividing by the area under the distribution curve
for U. > 0. However, the log-normal distribution avoids the difficulties of
negative values of U. and truncation. Schematic diagrams of the truncated Gaussian
and log-normal distributions are also presented in Fig. 14.
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Figure 14. Distribution Functions
The log-normal distribution was selected for use in this multilayer adsorption
model. The mathematical properties of this distribution function have been thoroughly
discussed elsewhere (23). A plot of the distribution density for several degrees of
heterogeneity is shown in Fig. 15. The log-normal distribution is skewed and is
defined for only positive values of U..
The distribution density function, T(Uil) is:
(Ui) = 1 exp [-y(ln U - n Median (33)
ji nU iiii
where y is the heterogeneity parameter and n is the normalizing factor. UMedian is
the median value for the distribution of U.i given in Equation (33). The mean value,
U Me a n d the most probable value, U , are given by
uMean = exp[ln UMedian + (1/(4y))] (34)
MOde = exp[ln Uedian _ (1/(2y))]. (35)
When y is large, the log-normal distribution becomes very similar to the symmetrical
Gaussian distribution (see Fig. 15).
The log-normal distribution of the surface adsorptive potentials
'(U ) = nU exp [-y(ln Ui - in Median) ] (36)
1i
was normalized over the adsorptive potential range from e to y where
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n f exp[-y(ln U - in Medan) ] (37)
e U ,.
so that the total surface may be represented as unity, and therefore T(Uil) is re-
defined as the partial number fraction of the surface with adsorptive potential U. 1._l1
The upper and lower limits of the integral in Equation (37) were determined so that
the function in the integral had a value equal to 0.00001. Using these values for
e and g, values of n were calculated by Simpson's rule using a sufficiently large
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Figure 15. Log-Normal Distribution Function for Selected Values of the
Heterogeneity Parameter at UM edian = 2.5 kcal./mole
I
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Using the normalized log-normal distribution function to characterize the
adsorptive potential in the first layer, Uil, the adsorptive potential in the
subsequent J layers was described by a relationship similar to Equation (31) which
includes the adsorptive potential contribution due to the absorbate species already
adsorbed:
e
U. -l+ ) j > 2 (38)
Uj (j)3 - k=2 (j - k + 1)3
where 2a/6 is the heat of condensation of a two-dimensional Van der Waals gas, i is
the index denoting the surface adsorptive potential distribution, and J is the index
denoting the adsorbate layer.
Adsorption on Each Homotattic Patch of the Heterogeneous Surface
A heterogeneous surface is one described by a distribution of adsorptive poten-
tials. A region of a heterogeneous surface that acts as if its structure were uniform
and homogeneous (i.e., energetically uniform) is defined as a homotattic patch.
Each patch of surface characterized by a given potential becomes the seat of an
adsorbed phase, so that a number of surface phases coexist at a given equilibrium
pressure of the adsorbate gas. At equilibrium, the adsorbed species on each patch
will have the same chemical potential, but the surface concentrations and spreading
pressures will be different to achieve this equality. Implicit in this description
of a heterogeneous surface is the assumption that the patches are sufficiently large
so that they can be considered to act as mutually independent bits of surface area.
Moreover, when the concentrations of adsorbed molecules are large enough that lateral
molecular interactions are significant, then the patches must be large compared to
the range of these interactions.
The equation used to describe the adsorption (i.e., fractional coverage) for
the individual adsorbate layers on each homotattic patch of the heterogeneous surface
-35-
is the Hill-deBoer equation [see Equation (27)] written in the form:
o 8 8.e I~ ei . 2aei9
p = Aexp[-U.i/RT] -j exp A - R (39)
ij j- ij T
where a is the two-dimensional Van der Waals constant corresponding to a, 0 is the
0
two-dimensional Van der Waals constant corresponding to b, and A is a temperature-
dependent function of various standard entropy and free energy changes that occur
0
on adsorption. For a mobile physically adsorbed film,· in ·A is given by
AS r vib F vib in
n As r o t F Fs AS a ao +
i+n Aa= - R.- i+ -n s + in 760 (40)
R, R RT RT 1- 8
s
where the variables are used as defined on page 21.
Equation (32) which defined a model for multilayer adsorption on a homogeneous
surface may be rewritten utilizing Equations (39) and (36) to describe multilayer
adsorption on a heterogeneous surface.
V(p,T)= V (U.i)Aui l ei (p,U. ,T). (41)
For computational purposes, the multilayer adsorption isotherm equation was approxi-
mated numerically using the relationship:
:-100 5
V(p,T) = Ve 'il (Ui )Aui .0 e(pUi ,T) (41a)
pi=.l i j=l J
where the surface adsorptive potential range was divided into 100 intervals and up
to 5 adsorbate layers were considered. The adsorptive potential range was divided
into 100 intervals to obtain a smooth, continuous isotherm function. Only 5 adsor-
bate layers were considered because theoretical calculations indicated that only
the first two layers reached significant coverage for the adsorbate-adsorbent
systems used in this investigation.
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ANALYSIS OF ADSORPTION DATA BY NONLINEAR REGRESSION TECHNIQUES
The mathematical model of a multilayer adsorption isotherm for a patchwise
heterogeneous surface in its most general form is:
V = f(p; T, 2a/B; Median y, Vg, v) (42)
where
p = the independent variable, pressure
T = temperature, a known parameter
2a/$ = two-dimensional Van der Waals constants corresponding to a and
b, respectively (a and B are known parameters)
UMedia n = median adsorptive potential
y = heterogeneity parameter
V = monolayer volume
v = adsorbate vibrational frequency normal to the surface
V = the dependent variable, volume.
The variables UMedian y, V, and v are unknown parameters in the equation. The
function f is nonlinear in the parameters UMedian, y and . Te experimental
adsorption isotherm data points are denoted as:
V1, Pi, V2, P2, ... , Vi, Pi
The problem is to find the values of the unknown parameters in the model which will
best fit the model to the experimental data. Because of the theoretical basis for
the model, the unknown parameters have physical significance and can be used to
characterize the nature of the surface.
As a result of the complexity of the adsorption model, the best possible method
for estimating the unknown parameters in the model is nonlinear regression analysis
(24). A rigorous description of the nonlinear regression method is presented in
i = 1,2, ... , n.
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Appendix I on pages 142-156. The nonlinear regression analysis can be simply de-
scribed as an iterative search for the parameter values which permit the best fit
of the model to the experimental data. A least-squares criterion is used to define
the best fit, where the unknown parameters are adjusted until
n ^
S(p) = ( i - V.)
2 (3)
" i=l 1
is a minimum. S(p) is the residual sum of squares where cp is the unknown parameter
vector, V. is the value of the dependent variable volume predicted by the model,
-1
V. is the experimental value of the volume, and n is the number of experimental data
points.
The searching algorithm used in estimating the parameters was Marquardt's method
(25, 26) described also in Appendix I. A Fortran program was written using a modi-
fied version of Marquardt's method to fit the multilayer adsorption model with the
four unknown parameters to the experimental adsorption data. A flow chart and listing
of the program are in Appendix II on pages 157-207. Also included in Appendix II is
a sample data set and the printed output of results from the program.
At the completion of the search procedure, the estimated parameter values are
listed along with their approximate 95% linear confidence intervals. An example
result is listed in Table II. The confidence intervals were calculated as if the
parameters were linear in the model and are valid only to the extent that the




Parameter Mean Value Confidence Interval
Y . 7.4 ± o.8
uMedian 1.36 kcal./mole + 0.02 kcal./mole
* V 1.39 ml. (S.T.P.)/g. ± 0.0.7'ml. (S.T;P.)/g.
v 2.3 x 1012 sec.-1 ± 0.6 x 10
1 2 sec. - 1
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When evaluating the parameters resulting from this nonlinear curve-fitting
process, one must be cognizant of the fact that the parameters are all inter-
dependent (i.e., correlated) to some extent. The variance of the estimated par-
ameter value is the expected value of the squared deviations about its mean
[i.e., V(b.)]. The covariance of two interdependent estimated parameter values
is analogous to a variance, but instead of the squared deviations of one variable
it contains the product of the deviations of the two variables [i.e., cov(bi,b )].
The symmetric covariance matrix is composed of variance terms on the diagonal posi-
tions and covariance terms on the off-diagonal positions. The degree of correlation
is indicated by the relative magnitude of the off-diagonal term in the covariance
matrix in comparison to the corresponding diagonal terms (i.e., = cov(b ,b )/
Oili
[V(bi)V(b )] /2}. The covariance matrix and correlation matrix that accompany
the parameters in Table II are given in Table III. The degree of correlation
between parameters determines the conditioning of the searching operation and
the range of values to which the parameters can be constrained. It is obvious
that if the parameters are highly correlated, the curve-fitting procedure cannot
constrain the parameter values to a very narrow range of magnitude.
As a result of the correlation among the parameters, the joint confidence
region of the parameters must be considered, not the individual confidence intervals.
The joint approximate linear confidence region for the four parameters is a four-
dimensional hyperellipsoid.
Individual confidence intervals for each parameter as given in Table II are
very useful, but their individual use can often be misleading. To illustrate this
point, Fig. 16 presents a possible situation that may arise when just two linear
parameters (e.g., Bl and B2) are considered. The joint 95% confidence region for
the parameters is a long, thin ellipse. The elliptical area encloses the par-
ameter values which are jointly regarded as reasonable, taking into account the
-39-
TABLE III
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Figure 16. Comparison of Individual Confidence Limits and the










correlation between the estimates of the parameter values bl and b2. The individual
95% confidence intervals for bl and b2 specify ranges for the individual parameters
irrespective of the value of the other parameter. If an attempt is made to interpret
these intervals simultaneously by using the rectangle which they define as a joint
confidence region, it may be thought that the coordinates of the point E provide
reasonable values for (61,62). The joint confidence region (i.e., the ellipse), how-
ever, clearly indicates that such a point is not reasonable for an estimate of 8 1 and
B2. When only two parameters are involved, the construction of the confidence ellipse
is not difficult, but when there are three or more parameters, the interpretation is




Figure 17. Joint Confidence Ellipsoid in a Three-Parameter Space
Therefore, the individual confidence intervals should be used with caution and
attention should be paid to the variances and covariances of the individual param-
eters. This entire situation is complicated in the nonlinear case by the fact that
the joint confidence region may often be a distorted ellipsoid (e.g., banana shaped).
APPLICATION OF CLUSTERING THEORY TO PHYSICAL ADSORPTION SYSTEMS
The general statistical mechanical theory of solutions developed with the aid
of the theory of composition fluctuations (27-29) has been applied by Zimm (30, 31)
to binary systems at adsorption equilibrium. A simplified derivation of the cluster-
ing theory for application in binary systems is included in Appendix III on pages
208-223. In this theory, a clustering function calculated from the activity con-
centration behavior of the adsorbate-adsorbent system gives a measure of the tendency
for the adsorbate molecules to cluster. This theory does not compete with the multi-
layer adsorption model analysis of the gas adsorption data in that it does not
predict isotherms, but it does serve to interpret the adsorbate interactions in
molecular terms.
Zimm and Lundberg (31) were the first to apply clustering theory to the sorption
of vapors by high polymers. Data from three systems, water-collagen, benzene-rubber,
and toluene-polystyrene, were examined. A volume fraction activity coefficient, y ,
was defined by the relationship
z = Y T (44)zx xx
where z is the activity and 9 is the volume fraction. Component 1 was defined as
-x X
the volatile material and Component 2 as the high polymer. A relation was derived
between the activity coefficient, yi, and G1 1, the clustering integral (see Appendix
III)
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Gil/vi = - P2 - 1 (.45)
where P2 = 1 - Y1 is the volume fraction of Component 2, and vl is the partial
molecular volume of Component 1. vl is defined by the relationship vl = (V/aN 1) ,TN
- - - - PR,T,N2
where V is the total volume and N1 and N2 are the number of molecules of Species 1 and
2, respectively. pand T are the pressure and temperature, respectively.
Referring to Equation (45), it is apparent that when the activity coefficient
does not vary with concentration, as for example in the case of an ideal solution,
G1 1 is minus one molecular volume. This means that a particular Type 1 molecule in
such a system excludes its own volume to the other molecules but otherwise does not
affect their distribution. This is what would be expected for an ideal solution.
When yi = zl/cp decreases with increasing i1, then Gll/vl is greater than -1
and may actually be positive. This means that the concentration of Type i molecules
is higher than the ideal concentration in the neighborhood of a given Type 1 molecule,
or, in other words, that the Type 1 molecules cluster together.
Scholz and his coworkers (32-34) used clustering functions in the interpretation
of physical adsorption data for poly(methylmethacrylate), polystyrene, and polyvinyl
chloride. The quantity P1Gll/v 1 was calculated from the adsorption data and inter-
preted in molecular terms as the average number in excess of a random expectation of
Type 1 molecules in the neighborhood of a given Type 1 molecule. The relationship
used in making the calculations
V jGll =) -11 (46 )Si [P2'Pi ,, l (1.6)
vl aZl T,p
is derived in detail in Appendix III. From the molecular interpretation, it follows
that positive values of liGll/vl indicate clustering of Type 1 molecules. Negative
values of piGll/vl indicate that a given adsorbed molecule is less closely packed
than a molecule in an ideal system where cplG1 /v1 = 0.
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From gas adsorption data, one obtains the adsorbate volume (Component 1) as a
function of the adsorbate pressure and the adsorbent mass. To compute the cluster-
ing function, clGl 1/vl, one must know the activity and the volume fractions. The
volume fractions can be calculated from the adsorbate volume and the adsorbent density
and mass if one assumes additivity of volumes. The activity, zl, can be computed
using the following relationship which is derived from the Berthelot equation:
9T p 2 V T 2
~Z = P + 128 1 - 6 - (47)
where
p = adsorbate pressure
T = adsorbate critical temperature
-c
Ic = :adsorbate critical pressure
T = adsorption isotherm temperature.
After evaluating the derivative a(zl/cp1 )/azl numerically, the clustering value
in Equation (46) is easily evaluated using the appropriate volume fractions.
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EXPERIMENTAL APPARATUS, PROCEDURES AND MATERIALS
VACUUM MICROBALANCE ADSORPTION APPARATUS
The gravimetric method of measuring gas adsorption was selected for use in this
thesis because of the low surface area adsorbents being investigated. The gravi-
metric method is well suited to measure adsorption isotherms in the region where
the alternative volumetric method is least accurate, namely, where the amount ad-
sorbed is small compared to the amount unadsorbed. To gravimetrically determine the
adsorption isotherm, the mass of the gas adsorbed is determined using a vacuum micro-
balance; the equilibrium pressure is measured by an independent method. The two
measurements are independent, unlike the volumetric method where the measurement of
the equilibrium pressure is also used for calculation of the volume of gas adsorbed.
As a result, there is less chance of cumulative errors in the data obtained by the
gravimetric method.
A recording vacuum microbalance system was constructed for the collection of
the necessary adsorption data. The major components of the system which are shown
in Fig. 18 are listed below:
(1) Cahn balance in a glass vacuum chamber
(2) Cahn balance control unit
(3) Recorder for the Cahn balance output signal
(4) Texas Instruments pressure gage
(5) Two-stage oil diffusion pump
(6) Ionization pressure gage
(7) Vacuum line and adsorbate gas addition system
(8) Ethylene glycol-water constant-temperature bath for controlling













The Cahn RG Electrobalance is a beam-type balance that works on the null principle.
A schematic diagram of the balance system is presented in Fig. 19. The balance has
two ranges of sensitivity for maximum sample weights of 1.0 and 2.5 grams. The range
is determined by the choice of the sample loop (i.e., Loop A or B in Fig. 19) on the
beam. For this investigation, the Outer Loop A with an ultimate sensitivity of 0.1 ug.
was used. The balance beam is connected to a wire-wound coil which is suspended by a
copper-beryllium ribbon between two permanent magnets. A sample is suspended from
Sample Loop A and closely counterbalanced on the Counterweight Loop C. The electronic
control unit of the balance system allows fine mass adjustments to compensate for mass
changes. When the sample mass changes, the beam tends to deflect momentarily. The
metal flag in front of the phototube moves with the balance beam, changing the amount
of light to the phototube. The phototube current is amplified in a two-stage servo
amplifier, and the amplified current is applied to the coil attached to the beam
which is in a magnetic field. The current in the coil acts like a d.c. motor, exert-
ing a force on the beam to restore it to the original null position. Thus, the change
in electromagnetic force is equal to the change in the sample weight.
The voltage which develops across the coil is an extremely accurate measure of
mass. No recorder made is accurate enough to display it to its full limits. In
order to use a practical recorder, it is necessary to subtract and measure a part
of the voltage with circuits inside the balance, and apply only the excess to the
recorder.
Thus, a known, accurately calibrated voltage is subtracted from the voltage
across the coil by means of a precision potentiometer. A dial on the potentiometer
is calibrated directly in milligrams, corresponding to the amount of voltage being









voltage is then available for the recorder. By attenuating this voltage by known
ratios, various mass ranges can be displayed full scale on a fixed range recorder.
The balance beam and loops are mounted in a vacuum flask supplied by Cahn so
that the sample and counterweight loops are centered over two standard taper joints
in the flask. The beam unit is connected to the control unit of the balance by
wires sealed through the glass flask.
Cylindrical fused quartz sample and counterweight pans are hung on long fused
quartz fibers from their respective beam loops down through the ground joints into
long pyrex tubes.' The pyrex hangdown tubes are 500-mm. long with a 41-mm. inside
diameter. The cylindrical quartz pans are 25 mm. in diameter and 20 mm. in height.
The fused quartz hangdown fibers are 250 um. in diameter.
Initial work with the balance system indicated that convection currents were
present in the hangdown tubes when a large temperature gradient existed along the
hangdown tubes. The instability in the balance operation resulting from these
convection currents was most obvious when the hangdown tubes were placed in a
liquid nitrogen bath.
A probable mechanism which explains the convection currents may be described
as follows: As gas flows down into the hangdown tubes, it encounters the sides of
the tubes cooled to 77.5°K. The cooled layers of gas that formed near the surface
of the tube move down along the surface and are replaced by the upper warm layers
of gas. The return flow is upward through the center of the tube past the sample
pan and along the hangdown fiber. The fiber is at a warmer temperature than the
sides of the tube because of thermal conductivity. When the gas flows past the
sample pan, it creates two effects. First, the gas flow causes a noisy balance
output signal at higher gas pressures. Second, the gas flow creates a low-density
region at the sample pan opening, removing gas from the inside of the pan and giving
rise to a greater effective volume than the pan occupies. This aspirator effect
results in anomalous buoyancy measurements (35).
Baffles in the hangdown tubes as shown in Fig. 20 provide a significant improve-
ment by breaking up the flow along the sides of the hangdown tubes and localizing it
into small compartments so that no strong convection currents are able to arise.
The mass potentiometer in the control unit was calibrated over a 10-mg. range.
The signal output to the recorder was calibrated so that 1 mv. was equivalent to
0.1 mg.
RECORDER FOR CAHN BALANCE OUTPUT SIGNAL
The recorder used in conjunction with the balance was a Leeds and Northrup
Speedomax H. A 1-mv. span was used for the adsorption work so that full-scale on
the recorder was equivalent to 0.1 mg. Filtering circuits were added to the recorder
and balance control unit system to reduce the amount of noise in the recorder trace
due to vibration and pan swing. The Cahn balance was supplied with a filter circuit
containing a capacitance of 10 uf. and resistances of 0, 9K, 20K, and 50K ohms
depending upon the filter switch setting. By varying the resistance in the filter
circuit, the amount of filtering was adjustable since the filter circuit time con-
stant is equal to the product of the resistance and capacitance in the circuit.
Since the balance was being operated at the limits of its sensitivity, addi-
tional external filtering was added in the form of 40 uf. of capacitance across
the output terminals. In Table IV, a summary is given of the new and original





Sample and Counterweight Hangdown Tubes with BafflesFigure 20.
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TABLE IV
FILTERING CIRCUIT TIME CONSTANTS-
Filter Switch Resistance, Filter Time Constant, sec. ' ·
Setting ohms 10 pf. Capacitance 50 Uf. Capacitance
0 0 no filtering no filtering
1 9K 0.068 0.34
2 20K 0.17 0.85
3 50K 0.5 2.5 -
TEXAS INSTRUMENTS PRESSURE GAGE
The adsorbate gas pressure in the balance vacuum flask was measured using a
Texas Instruments pressure gage Model 144. The precision pressure gage measures
the adsorbate pressure by means of a differential fused quartzbourdon capsule.
For absolute pressure measurements, the balance flask was connected to the pressure
part of the bourdon capsule and the reference space surrounding the bourdon capsule
was connected to the vacuum line. The bourdon capsule used in the adsorption data
collection had a pressure range of 0 to 300 torr. with a sensitivity of 0.001 torr.
over the entire range.
The bourdon capsule was maintained at a constant temperature of 44.1 + 0.1°C.
so that fluctuations in the room temperature would not affect the pressure readings.
The calibration table for converting the pressure gage readings into units of torr.
is in Appendix IV on p. 229.
TWO-STAGE OIL DIFFUSION PUMP
A Consolidated Vacuum Corp. Model GF-21 all-glass two-stage oil diffusion pump
was used. The pumping fluid was Dow Corning no. 704 silicone oil. A Cenco Megavac
rotary vacuum forepump was connected in series with the diffusion pump. The liquid
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nitrogen trapped pumping system was capable of evacuating the vacuum system to dynamic
pressures of 1 x 10-7 torr.
IONIZATION PRESSURE GAGE
A Phillips Model PHG-010A cold cathode ionization pressure gage was installed
in the vacuum system to measure pressure below the sensitivity of the bourdon capsule
pressure gage. The sensing range of the gage is 0.5 torr. to 1 x 10- 7 torr. expanded
over four scales. The calibration of the ionization gage was checked using a McLeod
gage as a reference. The Phillips gage calibration was found to be satisfactory
since the gage was used only to detect leaks and to monitor the pumping.
VACUUM LINE AND ADSORBATE GAS ADDITION SYSTEM
The glass vacuum system (Fig. 18) was custom built by Pope Scientific, Inc. of
Menomonee Falls, Wisconsin. The vacuum system consists essentially of two manifolds.
The larger manifold was connected to the diffusion pump by a liquid nitrogen trap.
The smaller manifold was connected to the larger manifold via another trap and was
used for storage of the purified adsorbate gases. The adsorbate gas stored in the
small manifold was metered into the balance flask using a Teflon high-vacuum needle
valve. All of the other valves in the system were high-vacuum quality. Apiezon N
stopcock grease was used for all of the glass valves.
ADSORBENT TEMPERATURE CONTROL
The constant-temperature bath consisted of an Armaflex foam insulated glass
battery jar of about 20-liter capacity. The bath liquid was a water-Prestone
(ethylene glycol) mixture. Heat was continually removed from the bath by using
an epoxy-coated steel cooling coil. The refrigerant gas used was Freon-12 which
was condensed by a small compressor. The amount of refrigerant gas expansion in
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the cooling coil was controlled by an expansion valve on the inlet side of the coil
and a constant pressure valve on the outlet. A uniform temperature throughout the
bath was maintained by the agitation provided by a submersible pump placed in the
bottom of the bath.
Between the temperatures 25 and -15°C., a precision mercury thermoregulator and
electronic relay controlled the flow of heat into the bath. Using this arrangement
the temperature variation was less than ± 0.05°C.
The entire temperature control bath was mounted on a jack, thus permitting the
placement of both the sample and counterweight hangdown tubes in the same tempera-
ture environment. The tubes were immersed to a depth of approximately 35 cm. in the
bath liquid.
For the isotherm temperatures of 77.5°K and 90.1°K, liquid nitrogen and oxygen,
respectively, were used at atmospheric pressure to provide thermostats. The boiling
point temperature was checked before and after an adsorption isotherm determination
using an oxygen gas thermometer. By mounting two dewar flasks side by side on a jack,
both hangdown tubes were immersed to a depth of approximately 40 cm. in the liquefied
gas. Contamination of the liquid oxygen and nitrogen was prevented by allowing the
evolving gas from the boiling liquids in the dewar flasks to escape through a small
orifice minimizing the back-diffusion of air.
EXPERIMENTAL PROCEDURES FOR ADSORPTION MEASUREMENTS
OPERATION OF VACUUM MICROBALANCE APPARATUS
The objective of an adsorption isotherm measurement is to determine the mass of
gas adsorbed by an adsorbent sample as a function of the gas equilibrium pressure
at a constant temperature.
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Adsorbent Sample Preparations and Outgassing
The water-swollen cellulose adsorbents were frozen in liquid nitrogen and then
freeze dried. The freeze drying operation was used to maximize the surface area of
the samples and to minimize the interfiber bonding. The adsorbents were then stored
in a controlled environment at 72°F. and 50% R.H.
The appropriate mass of the adsorbent was placed in the sample pan of the
apparatus. Outgassing was done to remove the physically adsorbed air, water, and
other contaminants from the surface of the adsorbent. The sample was evacuated over
a 48-hour period until the balance flask pressure was less than 1 x 10 - 6 torr. and
the sample maintained a constant mass. Then, the sample was heated in vacuo to a
temperature of 40°C. for 12 hours. During all subsequent adsorption data collection,
the sample was never exposed to a pressure greater than 1 x 10- 5 torr. except for
the adsorbate gases.
The sample was placed in the appropriate constant-temperature bath for a minimum
period of 2 hours. Then the mass of the sample, free of adsorbed species, was
determined. This value of the sample mass was used as a reference to calculate the
mass changes of the sample due to adsorption or desorption.
Adsorbate Preparation
The purified CFC13 adsorbate was stored in a flask attached to the small mani-
fold. The CFC13 was frozen in liquid nitrogen and degassed by exposing the frozen
CFC13 to a vacuum for approximately 5 minutes before each adsorption isotherm deter-
mination.
For argon and nitrogen isotherms, the addition line from the pressurized
cylinder to the small manifold was purged and filled with the gas to a pressure
greater than one atmosphere. The small manifold was evacuated to a pressure less
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than 1 x 10-5 torr. Then the small manifold was filled directly from the addition
line with the gas to a pressure of approximately 1.5 atm. Throughout an adsorption
run for either argon or nitrogen, the gas in the adsorbate manifold was exposed to
a liquid nitrogen trap to minimize possible contamination from condensable vapors.
Adsorption Measurements
Adsorption data were collected by repeated dosing of the balance flask with
the appropriate gas. Approximately 15 to 30 minutes was required for the sample
to reach equilibrium after each dose. Then the pressure gage reading and the
apparent mass of the sample were recorded. Desorption data were collected in a
similar manner by removing doses of the gas from the balance system.
CALIBRATION OF THE BALANCE
The 0 to 10-mg. mass range of the balance was used. A mass measurement could
be made to ± 0.001 mg. throughout the 0 to 10-mg. range. The balance and the re-
corder were calibrated in accordance with the Cahn instrument manual. The balance
was calibrated with National Bureau of Standards (NBS) class S weights used as
counterweights against a precision NBS class M 500-mg. weight, since all of the
samples were approximately 0.5 g. The calibration was done with the pans and hang-
down fibers in their appropriate positions.
Subsequently, the mass dial (i.e., the reference potentiometer) was calibrated
to a 10-mg. range by a substitution procedure with a 5-mg. precision NBS class M
weight. Upon completing this part of the calibration, the mass dial readout was
directly in terms of milligrams over a 10-mg. range.
Finally, the recorder was adjusted so that the full scale was equivalent to
0.1 mg. using the mass dial. The balance was now ready to accept a sample. The
final evacuated sample mass had to be within the limits of 0.505 -± 0.005 mg.- to
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be on the mass dial scale. Therefore, the moisture contentsof the adsorbent samples
had to be considered when placing a sample in the balance for evacuation.
BUOYANCY CORRECTIONS OF MASS DATA
According to Archimedes' Principle, any solid body immersed in a fluid is buoyed
up by a force equal to the weight of the displaced fluid. As a result, a buoyancy
effect develops in a balance due to the difference between the volumes and tempera-
tures of the sample and the counterweight. Assuming an ideal gas, the buoyancy
effect can be expressed as:
AW = (M/RT)(Vc - VB)p. (48)
where
AW = the difference between the buoyancy force on the counterweight
and on the sample
p = pressure
M = the molecular weight of the adsorbate
T = temperature
V = counterweight volume
V = sample volume
-VB
R = gas constant = 62,364 cm.3 torr. mol. 1 °K-.
The buoyancy effect can be measured by admitting a gas of negligible adsorption
into the system at a series of pressures with the adsorbent in situ; the apparent
mass change of the sample is determined as a function of the pressure. The buoyancy
effect of the various cellulose samples was measured using argon gas at a controlled
temperature in the 15-25°C. range. The apparent mass change was recorded as a
function of the gas pressure (see Appendix IV). These data were used in a linear
regression to compute. (Vc - VB). The-buoyancy,effect of the adsorbate at a given
pressure and temperature was calculated according ,to Equation .(48). -The buoyancy
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effect of the balance system itself was measured in a similar manner so that this
effect could be allowed for in the thermomolecular flow data (see Appendix IV).
CORRECTION OF PRESSURE MEASUREMENTS FOR THERMAL TRANSPIRATION
A correction may be necessary when a pressure reading is obtained from a
pressure gage that is at a different temperature from that of the sample. The
gas tends to pass from the cooler to the warmer region; a steady state is reached
when the pressure difference between the two regions is sufficient to balance this
thermal diffusion or transpiration (10). Since the adsorbent sample temperature
was below the temperature of the pressure gage bourdon capsule (i.e., 44.1°C.),
it was necessary to apply a correction to the measured pressures to obtain the
equilibrium pressure at the sample temperature.
Using the thermal transpiration data of Liang (36), Bennett and Tompkins (37)
have developed a semiempirical equation for correcting this effect:
P2= He(fPgx)2 + He (fc g) + R
whree(fygX) + 8He(f gx) + 1where
pi = pressure at sample temperature T 1, torr.
P2 = pressure at pressure gage temperature T2, torr.
x = p2d, where d is the minimum inside diameter in millimeters of
the tube connecting the sample and the pressure gage
R = (T1/T2) where R < 1-m - -m -
f = 1.0 for tubes of diameter less than 1 cm.; = 1.22 for tubes
of diameter greater than 1 cm.
OHe = constant
Hf = constant
p = the pressure shifting factor which depends on the type of gas
EL and is defined such that cHe = 1.
ile
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For argon and nitrogen isotherms, the following relationships were used. (37):
He = 3.70 x [1.70 - 2.6 x 10- 3 x (T2 - T1)]
2
SHe = 7.88 x (1 - Rm)
g = 2.70 for argon; = 3.53 for nitrogen.
For CFC13, a theoretical evaluation of the gas parameters was made from the
relationships developed by Mason, et al. (38) such that:
=He mie/(48kTnHe 2)e .He
3He = (1 + 2rr/3) x (3caH/ 4r)
\ = (r/He/ x (m /mHe )
where
T = average absolute temperature (Ti + T2)/2
k = Boltzmann's constant
nHe = viscosity of helium at T
me = mass of helium atom
n = viscosity of CFC13 at T
m = molecular weight of CFC1 3.
The above relationship was used to correct for thermal transpiration effects
where they were significant.
CORRECTION OF MASS DATA FOR THERMOMOLECULAR FLOW EFFECT.
When a temperature gradient exists along the microbalance suspension fiber,
sample, or counterweight, radiometric forces will be generated.because of the
thermomolecular flow (TMF). of gases at pressures which generally range from 10- 3
to 20 torr. The gas molecules arriving at a unit surface from regions of different
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temperatures, and hence with different momenta, produce a net force on the surface
in the direction of decreasing temperature. The magnitude of the force depends
upon the pressure, gas, temperature, temperature gradient, and the geometry of the
system. The forces may be minimized by employing identical suspension fibers,
hangdown tubes, and temperature gradients about identical samples and counter-
weight pans (39, 40).
The thermomolecular flow effect can be assessed directly by determining iso-
therms without the adsorbent samples present (41). For this reason, blank runs
were made for all of the adsorbate gases and isotherm temperatures. The data are
reported in Appendix IV. These blank runs were similar in all respects to the
conditions used in collecting the adsorption data except that no sample adsorbent
was present. The blank run not only measures the thermomolecular flow effect, but
also the balance system buoyancy and adsorption. Therefore, the TMF correction to
the raw adsorption data was calculated as the blank run data minus the balance
system buoyancy effect.
CALCULATION OF THE CORRECTIONS TO THE ADSORPTION DATA
Typical mass adsorption data obtained for the adsorption of argon on acid-
hydrolyzed holocellulose at 77.5°K are presented in Table V.
The pressure data in Table V have been corrected for the pressure gage cali-
bration and thermal transpiration using the procedures outlined. The mass data
in the second column are the raw adsorption data obtained directly from the Cahn
balance. The third column contains data corrected for buoyancy. It should be
noted that the buoyancy is a very significant correction at higher pressures. The
final column contains the data corrected for both buoyancy and thermomolecular flow
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This method for correcting the mass data can be simply represented by:
Mcorr= F(Mraw Mbuoy' MMF)
>re specifically,
M =-M + x - M .
corr raw buoy TMF
M = corrected mass adsorption data
-corr
= raw mass adsorption data
-raw
Muoy = buoyancy correction
TMF = thermolecular flow effect correction.
The uncertainty in the corrected mass adsorption data, AM , is related to the
uncertainty in the other variables, A , and -corr





(52)AoM = Araw + uo + MF
corr 2M raw Mbuoy AMbuoy + AMTMFraw auy'MTM 4
Squaring Equation (52) gives:
IFt ~12 = a- b "I2 F
[AM ]2 = [F AM +1 F 12j + 2[AMcorr 2 M r + -- AM J L A
raw quoy
+ cross product terms. (53)
Since the variables Maw, Muoy and  MF are independent, they are said to be
"uncorrelated" and the average value of the cross product terms approaches zero.
Using this approximation, Equation (53) can be rewritten in the form:
2 F- 122 r2 D 2 rF 2
corr MrawJ Mraw uouoy MbF MF
, a. , a,, , and a,, are the standard deviations of
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Using Equation (56), the uncertainty in the corrected mass adsorption data can be
calculated from the estimated uncertainty in the independent variables of Equation
(51). For example, if
(57)aM = aMb = = 2 pg.,
raw Mbuoy TMF
then





From this discussion, it should be obvious that the precision of the adsorp-
tion data is maintained in spite of the magnitude of the corrections used, since
the standard deviation of the independent variables in Equation (5i) is probably
between 1 and 2 ug.
PREPARATION OF ADSORBENT SAMPLES
All of the cellulose samples were prepared from the same fiber source of black
spruce (Picea mariana). The holocellulose fibers were prepared from chloroform-
ethanol extracted chips by a modified chlorite method (42). The preparation pro-
cedure was essentially the same as that of Thompson and Kaustinen (43) except for
the higher chlorite treatment temperature of 50°C.
The alkali-extracted holocellulose sample was prepared by a repeated extrac-
tion of the holocellulose with a 4% NaOH solution at ice bath temperatures. These
conditions were selected to minimize the lattice transition of Cellulose I to
Cellulose II, and to maximize the solution of the hemicellulose fraction present
in the holocellulose (44).
The acid-hydrolyzed holocellulose was prepared by exposing the alkali-extracted
holocellulose to a mild acid hydrolysis (2.5N HC1). When a sample of cellulose is
hydrolyzed by acids, the attack is initially confined to the amorphous regions.
The hydrolysis residue has a greater degree of crystallinity than the original
material owing to the removal of the amorphous portion. A leveling-off of the
degree of polymerization is observed as the hydrolysis slows down after removal
of the amorphous material leaving only the more resistant crystalline cellulose
material. Thus, the desired adsorbent sample was prepared by a controlled acid
hydrolysis using the procedures developed by Battista (45, 46).
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The adsorbent sample preparation procedures are described in greater detail in
Appendix V on pages 230-231.
CHARACTERIZATION OF ADSORBENTS
ELECTRONMICROGRAPHS
Electronmicrographs of the adsorbent samples were prepared in order to observe
their size, shape, and surface topography. Some of the same freeze-dried fibers
used as gas adsorption samples were placed on aluminum specimen stubs which had
been covered with an adhesive transfer tape. The fibers were then coated while
rotating in a vacuum evaporator with about 100 A. of carbon followed by about 200 A.
of a 60:40 gold:palladium coating. The fibers were then viewed in a Joel JSM-U3
scanning electron microscope equipped with a TV scan at an accelerating voltage of
10 to 25 kv. Selected images were recorded on a Polaroid camera using a P/N-55
type film.
CARBOHYDRATE ANALYSIS
A carbohydrate analysis was done on each of the adsorbent samples to determine
the effect of the preparation methods on the sample chemical composition. The
analysis of the monosaccharides present in the adsorbent samples was done by a gas
chromatographic method (47). The monosaccharides present in the acid-hydrolyzed
adsorbent samples were reduced to alditols with sodium borohydride. Following
acetylation with acetic anhydride and sulfuric acid, the acetylated mixture was
precipitated in ice water and extracted with methylene chloride for injection into
the gas chromatograph. Using myo-inositol as an internal standard, the percentage
compositions were calculated from the peak area measurements.
CUPRIETHYLENEDIAMINE VISCOSITY OF CELLULOSE SAMPLES
The relative degree of polymerization of the three adsorbent samples was
assessed by determining the cupriethylenediamine disperse viscosity using a modi-
fied TAPPI T 230 su-66 method (48). The viscosity determination method was modi-
fied so that solution was accomplished by shaking in an atmosphere of nitrogen.
DETERMINATION OF THE STATE OF ORDER IN THE CELLULOSE ADSORBENTS
BY AN X-RAY DIFFRACTOMETRIC PROCEDURE
The x-ray diffraction work was done to determine the relative crystallinity
of the three cellulose adsorbents and to confirm that the Cellulose I crystal
structure was retained by the alkali-extracted holocellulose and acid-hydrolyzed
holocellulose samples.
The x-ray diffractograms were obtained for the three samples using the procedure
outlined below. The cellulose samples were dried in a vacuum oven at 50°C., and
then passed through a small Wiley mill fitted with a 40-mesh screen. A 0.500-g.
portion was placed in a 1-in. diameter pellet mold, leveled, and pressed at 6000-lb.
pressure for 15 sec. The resulting disk was pressed into a 1-in. diameter hole in
the center of a brass mounting plate so that the surface of the disk was flush with
the surface of the plate. The plate served to-hold and align the sample in the
goniometer of the x-ray diffraction apparatus.
The x-ray equipment used was a Norelco x-ray diffraction unit operating with
parafocusing geometry... K radiation was obtained from a copper target and nickel
filter at 35 kv. and 20 ma. The collimating beam was defined by a divergence slit
of 0.5 ° angular aperture at the x-ray port. The diffracted beam was defined by a
0.006-in. receiving slit and by a 0.5 ° angular aperture scatter slit. The signal
of the diffracted beam was received by a Geiger counter tube and recorded by a
Brown recording potentiometer.
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Diffraction pellets to be tested were placed in the holder and mounted in the
goniometer. The diffraction intensity was measured from 20 angles of 8° to 30° .
In order to eliminate possible errors due to misalignment of the pellet in the
holder, the pellet was removed, rotated 90 ° , and then retested.
PREPARATION OF ADSORBATES
The argon and nitrogen gases were a prepurified grade (99.997% and 99.998%
minimum purity, respectively) obtained from Matheson Gas Products. The argon and
nitrogen were used directly from the supplied cylinders.
The CFC13 was also obtained from Matheson (99.9% minimum purity). A gas
chromatographic analysis indicated no detectable impurities. After placing the
liquid CFC13 in an adsorbate flask attached to the small manifold, the CFC13 was
degassed repeatedly by freezing in liquid nitrogen, evacuating, and allowing to
thaw. Finally, the CFC13 was distilled in vacuo into another storage flask.
CHARACTERIZATION OF ADSORBATES
ADSORBATE CHARACTERISTIC PARAMETERS
A list of the characteristic parameters of the three adsorbate gases is
presented in Table VI.
INFRARED INVESTIGATION OF CFC1 3 HYDROGEN BONDING PROPERTIES
A ternary solution containing ethanol (donor compound), CFC13 (acceptor
compound), and carbon tetrachloride (solvent) was used to evaluate the hydrogen
bonding properties of the CFC13. Five solutions as Listed in Table VII were pre-
pared containing 0.005M ethanol with CFC13 and carbon tetrachloride.
The infrared spectra were determined for the five solutions using a 1-cm.



































DISCUSSION OF EXPERIMENTAL RESULTS
ADSORBENT SAMPLE CHARACTERIZATION
ELECTRONMICROGRAPHS
The size, shape, and surface topography of the three fibrous cellulose adsorbent
samples are clearly illustrated in the electronmicrographs in Fig. 21-23. The holo-
cellulose adsorbent shown in Fig. 21 is apparently composed of undamaged and unbonded
tracheids. The surface topology is generally smooth except for shrinkage effects due
to the drying operation. The alkali-extracted holocellulose adsorbent shown in Fig.
22 is very similar in physical appearance to the holocellulose. The only difference
appears to be a slightly rougher surface. This rougher surface of the alkali-extracted
holocellulose is probably due to greater shrinkage during drying of the alkali-swollen
fibers. The acid-hydrolyzed holocellulose adsorbent shown in Fig. 23 is drastically
different in physical appearance from the other two samples. The acid hydrolysis
treatment had begun to destroy the fibrous nature of the sample. In addition, the
surface of the fibers is much rougher, showing the effects of the hydrolysis.
In general, the electronmicrographs indicate that the acid-hydrolyzed holocellu-
lose has the smallest fiber fragments and the most heterogeneous topography. The
holocellulose and the alkali-extracted holocellulose have very similar physical
appearance. If the electronmicrographs are used to rank the expected specific surface
areas of the samples, the acid-hydrolyzed holocellulose would have the highest surface
area. The alkali-extracted holocellulose would have a higher surface area than the
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Figure 23. Electronmicrographs of the Freeze-Dried Acid-Hydrolyzed
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-72-
CARBOHYDRATE ANALYSIS AND CUPRIETHYLENEDIAMINE
VISCOSITY OF THE ADSORBENTS
In Table VIII the carbohydrate analysis data and the cupriethylenediamine
solution viscosity data for the three adsorbent samples are presented. The pre-
dominant hemicellulose species removed from the holocellulose was the xylan fraction,
leaving the more-difficult-to-remove glucomannan fractions in the alkali-extracted
holocellulose. The increase in the viscosity of the alkali-extracted holocellulose,
over the untreated holocellulose, was probably due to the removal of the low-molecular-
weight hemicellulose fractions. The mild acid hydrolysis of the alkali-extracted
holocellulose caused a significantly decreased average molecular weight of the acid-
hydrolyzed holocellulose. A substantial fraction of the glucomannan hemicellulose
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THE STATE OF ORDER IN THE CELLULOSE ADSORBENTS AS DETERMINED
BY AN X-RAY DIFFRACTOMETRIC PROCEDURE
The x-ray diffraction work was done to determine the relative crystallinity of
the three adsorbent samples and to confirm that the Cellulose I crystal structure
was retained by the alkali-extracted holocellulose and acid-hydrolyzed holocellulose
samples.
The x-ray powder method was used to obtain the diffraction data. In the Cellu-
lose I structure, the strongest reflections are those corresponding to the (101),
(101), and (002) lattice planes. The corresponding 26 reflection angles for these
planes are listed in Table IX. The x-ray diffractograms produced by the three
adsorbents are presented in Fig. 24.
TABLE IX






The crystalline fraction of a partially ordered material is considered to
produce the sharp diffraction patterns, whereas the amorphous fraction produces
only a diffuse background. However, the contributions of the crystalline and
amorphous fractions to the observed intensities in the diffractogram have not been
clearly established. Several methods have been proposed to estimate the propor-
tions of the crystalline and amorphous regions.
Segal, et al. (50) scanned the diffraction intensities from the Bragg angles
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structure corresponding to the (101), (101), and (002) planes. They defined.a per-
centage crystallinity index, CrI, by:
CrI = 100[(I002 - I)/(002) (59)
where Io is the intensity of the diffraction from the (002) plane at 2e = 22.6°
-002
and I is the intensity of the background scatter measured at 20 = 18° . Using
-am
the Segal method, the relative crystallinity of the three cellulose adsorbents is
summarized in Table X.
TABLE X
SEGAL CRYSTALLINITY DATA
I I CrI-002 -am ___-____
Trial Trial Trial Trial Trial Trial Average
Sample 1 2 1 2 1 2 CrI
Acid-hydrolyzed
holocellulose 92.5 95.5 31.0 30.5 67.2 68.1 67.6
Alkali-extracted
holocellulose 87.0 85.0 37.0 38.0 57.5 55.3 56.4
Holocellulose 67.0 70.5 29.5 32.5 55.9 53.9 54.9
Ant-Wuorinen and Visapaa (51) proposed that x-ray methods do not determine
the state of crystallinity or the percentage of crystalline cellulose in a sample,
but only a general state of order. They define a quantity called the "index of
order," IO. The index of order was calculated as follows: (1) The maximum height
of the pattern between 22 ° and 23° 20 was determined in arbitrary units and
designated Th (total height). (2) The minimum height of the pattern between 18°
and 19° 20 was determined in the same arbitrary units and designated Ih (inordered
height). (3) The ordered height, Oh, equals Th minus Ih, and
IO = EL- l oo =- (l Ihl (60)
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The Ant-Wuorinen and Visapaa calculated index-of-order values are presented
in Table XI.
TABLE XI
ANT-WUORINEN AND VISAPAA INDEX OF ORDER
Th Ih IO
Trial Trial Trial Trial Trial Trial Average
Sample 1 2 1 2 1 2 IO
Acid-hydrolyzed
holocellulose 94.5 95.5 31.0 30.5 51.2 53.1 52.2
Alkali-extracted
holocellulose 87.0 85.0 37.0 38.0 26.0 19.3 22.6
Holocellulose 67.0 70.5 29.5 32.5 21.4 14.5 17.9
Both methods of calculating the relative crystallinity of the adsorbent samples
ranked the samples in the same order. The acid-hydrolyzed holocellulose had the
highest degree of order, and the holocellulose had the lowest degree of order. The
diffractograms also confirmed that all of the adsorbents had a Cellulose I crystal
structure.
ADSORPTION ISOTHERMS
The experimental adsorption data for argon, nitrogen, and CFC13 on each of the
three adsorbents are presented in Fig. 25-30. Adsorption isotherms were determined
for two temperatures, 77.5 and 90.1°K, for the argon while only one temperature,
77.5°K, was used for the nitrogen. Five isotherm temperatures ranging from 258.15
to 298.15°K were used for the CFC13 adsorption data. Five different isotherm
temperatures for the CFC13 adsorbate were used because of the original intent in
this thesis to use the Ross and Olivier adsorption model to analyze the adsorption
data. A minimum of three different isotherm temperatures is required for a unique
solution using the Ross and Olivier approach for polyatomic adsorbates.
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Figure 25. Argon and Nitrogen Adsorption on the Holocellulose Adsorbent
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The experimental data are reported as milliliters (STP) adsorbed gas per gram
of adsorbate, as a function of the equilibrium pressure in torr. No measurements
obtained above a relative pressure of 0.40 for the adsorbate gas were used in fitting
the adsorption model, to avoid the possibility of capillary condensation contributing
to the amount adsorbed.
The argon and nitrogen isotherms appeared to be Type II isotherms as classified
by Brunauer, et al. (8), and the CFC13 isotherms appear to be the more unusual Type
III isotherms.
BET THEORY ANALYSIS OF EXPERIMENTAL ADSORPTION DATA
Using the experimental adsorption data in the relative pressure range of 0.05
to 0.30, the monolayer volume, V , and the c parameter were obtained by a linear
regression of p/(V(po - p)) versus p/po . The specific surface area, ~BET' in m.2/g.
was then obtained using the relationship
CBET = 0.269 Vm . (61)
The values of the molecular cross-sectional area, a , used in calculating the BET
specific surface area are listed below:
Argon 14.6 A.2 at 77.5°K
15.5 A.2 at 90.1°K
Nitrogen 16.2 A.2 at 77.5°K
CFC13 31.2 A. 2 at all isotherm temperatures.
For argon and nitrogen, the adsorbate was assumed to be a liquidlike, closely packed
phase, so that o was based on the liquid density following the suggestion of Emmett
and Brunauer (52). The CFC13 molecular cross-sectional area was the two-dimensional
Van der Waals constant, 8.
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Comparing the BET surface areas of the three adsorbates (see Table XII), the
relative surface areas are reasonable considering the apparent particle size and
surface roughness of the adsorbents in the electronmicrographs. Using the c
parameter values and the relationship c = exp[(Q1 - QL)/RT], the adsorbents can
be ranked in terms of the heat of adsorption in the first adsorbate layer, Q1.
For both the CFC13 and argon, the holocellulose has the highest Q1 value, followed
by the acid-hydrolyzed holocellulose and the alkali-extracted holocellulose. The
low c values for the polar CFC13 gas indicate that the adsorptive forces are not
much greater in magnitude than the forces of interaction among the adsorbate
molecules (i.e., Qm - QL). The apparently weak interaction of the CFC13 gas with
the three cellulosic adsorbents implies that the cellulose adsorbents are relatively
nonpolar so that only dispersion-type.adsorptive forces are functioning.
ANALYSIS OF THE ADSORPTION DATA USING THE
MULTILAYER ADSORPTION MODEL
THE ARGON-CELLULOSE ADSORPTION SYSTEM
Evaluation of the A Parameter
Before the nonlinear curve-fitting procedures can be used to fit the multilayer
adsorption model to the experimental argon adsorption data, an appropriate relation-
ship must be developed to define A for the adsorption system. Inherent in the
definition of A s a thermodynamic description of the
For a mobile, physically absorbed film, A in itsmost general form is given byFor a mobile, physically adsorbed film, A- in its most general form is given by
the relationship:
AStr vrt Fib vibn
AS A-rot F - E + Jcin 9
i^Rn A --= -R --- o + - - ln s + ln 760. (62)R R RT RT 1- 8
s
The various terms in the above relationship are used as defined on page 21. To
evaluate the thermodynamic functions in Equation (62), one must consider the degrees
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of freedom of the argon atom in the gaseous and adsorbed states. The three transla-
tional degrees of freedom of the argon atom in the gas phase become two translational
degrees parallel to the surface and one vibrational degree normal to the surface on
physical adsorption. The spherical argon atom has no rotational degrees of freedom.
The vibration terms in Equation (62) do not refer to internal vibrations of an
adsorbed species which are not expected to be greatly affected by adsorption; they
refer to the appearance of a new vibration of the adsorbed species as a whole with
respect to the substrate. Recent investigations of the laser Raman spectra of
adsorbed species (53) indicated no significant changes in the internal vibrations
of a molecule upon physical adsorption.
The integral translational entropy change, AS r , per mole of gas from its
-S
standard state (760 torr., temperature = T) to a mobile adsorbed film in its
standard state (6 , T) is calculated using a relationship (10) derived from the
Sackur-Tetrode Equation (54) as shown below:
tr R R
AS =- n M + n T + 2.30 (63)s 2 2
where
R = gas constant, 1.9872 cal./mole OK
M = molecular weight of the adsorbate
T = absolute temperature.
Since the argon atom has no rotational degrees of freedom, the change in rota-
rot
tional entropy upon adsorption, AS , is obviously zero.
The vibration of the adsorbed argon with respect to the surface contributes
to the thermodynamic functions describing the adsorbate film. If one assumes the
vibration to be that of a harmonic oscillator with one degree of freedom for which
the frequency does not change with temperature, the vibrational term in Equation (62)
equals:
vib vib




F = Gibbs free energy of the adsorbed phase due to molecular
a-
- vibrations with respect to the surface
vib
E = average vibrational energy of the adsorbed species at 0 ° K
a-o
v = vibration frequency of the adsorbed species
h = Planck's constant
k = Boltzmann's constant.
As a result of the loss of one degree of translational freedom for argon upon
adsorption, the change in kinetic energy, AEkin, is equal to -'/ 2 RT.
The standard state of the gas is taken as 760 torr. at the temperature of the
experiment. The standard state of the surface phase follows the convention
selected by deBoer and Kruyer (55)so that at 0°C. the average distance between
the adsorbed species in the two-dimensional state is the same as in the three-
dimensional standard state (0°C., 760 torr.). This definition corresponds to a
standard coverage defined as:
e = $/(4.08T) (65)
where
8 = standard state coverage
5
6 = two-dimensional Van der Waals constant corresponding to b.
Using the relationships outlined above, a subroutine ARGN in Appendix II was
o
written for the nonlinear curve-fitting program which evaluates A as a function of
the unknown vibrational frequency for the argon adsorbate.
Results of Nonlinear Regression Analysis for the Argon Adsorption Data
An example of the experimental argon adsorption data and the fitted model
multilayer isotherm resulting from the nonlinear regression analysis are shown
-84-
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in Fig. 31. The adsorptive potential distribution function generated by the nonlinear
curve-fitting procedure for the example isotherm is presented in Fig. 32, where the
distribution frequency is plotted as a function of the adsorptive potential. The
shape of this distribution function is determined by the two parameters Median and
y, determined in the regression analysis. The model parameter values and the thermo-
dynamic data associated with the argon acid-hydrolyzed holocellulose data set are
listed in Table XIII. The confidence intervals for the four unknown parameters
evaluated in the nonlinear regression analysis are also listed in Table XIII. A
similar set of figures and a table are in Appendix VI for each argon adsorption iso-
therm used for evaluation by the multilayer adsorption model.
A summary of the results from fitting the multilayer adsorption model to the
argon adsorption data for the three sample adsorbents at the two isotherm tempera-
tures is listed in Table XIV. Reviewing the results for the 77.5°K isotherms, the
holocellulose and acid-hydrolyzed holocellulose have similar adsorptive potential
distributions while the alkali-extracted holocellulose has a lower and more uniform
(i.e., higher y) adsorptive potential distribution. The specific surface areas,
EV, are ranked in the same order as the electronmicrographs suggest. The vibrational
frequency, v, of the argon adsorbate is of the same order of magnitude as theoreti-
callypredicted values (see p. 8 of text).
Precision of the Parameter Estimates
After inspecting the results for the 90.1°K isotherms, the immediate question
that arises is: Why are the confidence intervals so much wider for the parameters
derived from the 90.1°K isotherm data than for the 77.5°K isotherm data? Checking
the plots of the fitted multilayer model isotherms for the 90.1°K argon experimental
data in Appendix VI, one must conclude that the wider confidence limits cannot be
explained in terms of additional data scatter at 90.1°K.
-86-
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Figure 32. Adsorptive Potential Distribution for the Argon Acid-Hydrolyzed
Holocellulose Adsorption Data at 77.5°K
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TABLE XIII





UMedi an = 1.36 ± 0 .0 2 kcal. mole
- 1
UMean = 1.40 kcal. mole-1
UMode = 1.27 kcal. mole - 1
y = 7.4 + 0.8
V = 1.39 + 0.07 ml. (STP) g.-
-f
v = 2.26 + 0.58 x 1012 sec. - 1
2a/B (Ideal) = 1.002 kcal. mole - 1
= 47.4 x 10- 3 0 erg cm. 2 molecule-2
B = 13.6 A.2 molecule - 1
Thermodynamic Data
ASt = -0.0103 kcal. mole - 1 deg. -
-s
ASr °t = 0.0 kcal. mole - 1 deg. -
AS = 0.0015 kcal. mole-1 deg.-
AEk n = -0.0770 kcal. mole - 1
0
A = 0.13691 x lO'
Approximate 95% linear confidence limits.
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To understand the reason for the greater uncertainty in the estimated param-
eters for the 90.1°K argon isotherms, one must consider the volume of the joint
confidence region hyperellipsoid in the four-dimensional parameter space (see
Appendix I).
The boundary of the region in the parameter space with a confidence coefficient
1-a is formed by the values of the'parameters c which satisfy the relationship
T^ mT 2








=least squares estimated parameter matrix
= n x p Jacobian matrix of partial derivatives
= error variance which is related to the amount of data scatter
= a percentage point of the F-distribution with p and n-p
degrees of freedom
= number of adsorption data points
= number of estimated parameters.
The - subscript denotes matrix notation, and the T superscript denotes matrix trans-
position. The confidence region hyperellipsoid is described by Equation (66) with
the volume proportional to the square root of the reciprocal of the determinant
T
The eigenvalues of the J-J matrix indicate the conditioning of the confidence
region hyperellipsoid or, equivalently, the state.of correlation between the
estimates of the unknown parameters. If the estimated parameters, c, are completely
uncorrelated, then each eigenvalue, i, is equal to unity. When the parameter
estimates are correlated, one or more of the eigenvalues are small compared to the
others. Since the determinant \'~T is equal to the product of the eigenvalues
-90-
T P
(i.e., |jJJl = i>,)' the volume of the confidence region hyperellipsoid depends
1=1
directly on the amount of correlation in the estimated parameters.
The determinant IJTI for the argon acid-hydrolyzed holocellulose isotherm at
77.5°K is 0.45 x 10- 4, whereas for the 90.1°K isotherm the determinant is 0.64 x 107.
If it is assumed that the error variance (i.e., data scatter about the model isotherm)
is the same for the two isotherms, then the greater correlation among the estimated
parameters for the 90.1°K argon isotherm results in an increase in the confidence
region hyperellipsoid volume by a factor of approximately 26.5. The increased corre-
lation among the estimated parameters can be explained by the shape of the isotherm
and by the fact that the 90.1°K isotherm data cover a smaller relative pressure
range (i.e., 0.0 to 0.27 p/po). The higher degree of correlation reflects the fact
that many different isotherm curves, having similar beginnings but with different
endings, could be drawn through the experimental data points. In other words, the
experimental data range sampled cannot constrain the estimated parameters to the
same extent as the 77.5°K isotherm data which cover a larger relative pressure range
(0.0 to 0.4 p/p)
If the 90.1°K isotherm data were extended up to a relative pressure of 0.40,
the determinant TJ-~i magnitude would increase to a value of 0.352 x 10-6 resulting
in an accompanying decrease in the confidence region hyperellipsoid volume by a
factor of 2.,3. Even when the same relative pressure range is sampled for the two
isotherms, the 90.1°K-isotherm has a much larger confidence region ellipsoid volume.
This is a consequence of the lower degree of curvature for the 90.1°K isotherm, so
that the model parameters can be varied over wider ranges without perceptible changes
in the resulting isotherm.
When the multilayer adsorption model is fitted simultaneously to the 77.5°K
and 90.1°K argon isotherms for a given substrate, results as shown in Table XV are
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obtained. The fitting operation is done by treating temperature as an independent
variable in the multilayer adsorption model. Referring to Table XV, it is evident
that the confidence limits for the unknown parameters are not improved when the
model is fitted to the combined data set. This lack of improvement is to be expected
since no additional data space (i.e., relative pressure range) is included in the
combined data set. The addition of the 90.1°K isotherm data to the 77.5°K isotherm
data adds only more data points within the same data space.
TABLE XV
RESULTS OF FITTING MULTILAYER MODEL TO ARGON ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose
Isotherm temperature, °K '. 77.5 90.1 77.5




, ml. (STP) g.-'

















0.20 x 10 - 3
aApproximate 95% linear confidence limits.
Elimination of the Vibrational Frequency as an Unknown Parameter
For a well-conditioned model, the confidence region contours defined by
Equation (66) are well-rounded ellipsoids which result in rapid convergence for
parameter estimation. When the joint confidence region ellipsoid is attenuated
and contains long ridges, slow convergence of the iterative estimation procedure
for the unknown parameters cp, is likely. In this case, the model needs to be
reparameterized (e.g., one or more of the parameters combined or eliminated from
the model) so that the confidence region is well conditioned.
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Considering the values of the parameters of the multilayer adsorption model
derived for the argon adsorption data (see Table XIV), the longest axis of the
confidence region ellipsoid is associated with the vibrational frequency parameter,
v. The conditioning of the adsorption model should improve substantially if the
vibrational parameter could be removed from the model or combined with another
parameter.
Using a harmonic oscillator approximation, the frequency, v, of the vibration
of an adsorbed species normal to the surface is determined by the curvature of
the interaction potential, W(z), at its minimum. Since the frequency of a one-
dimensional harmonic oscillator is given by
v = (1/27w)9?^n (67)
where m is the mass of the adsorbed species and f is the force constant [i.e.,
(aW(z)/3z2) at z = z ], it can be shown that the vibrational frequency is propor-
tional to the square root of the potential energy well depth (3). Therefore, the
frequency is related to the adsorptive potential, U, by
v2 = (u+ Evib) (68)
m a o
where
Evib = /Nhv (69)a o
and where T is a proportionality constant. Using the Media n and v values derived
from the argon adsorption data at 77.5°K, an approximate value of the constant T
was calculated. Using the estimated constant T, the vibrational frequency was
calculated from the median adsorptive potential, UMedian, by Equation (68) for
the other temperatures and adsorbate gases. By using this relationship, the
vibrational frequency was eliminated as an unknown parameter in the multilayer
adsorption model. Results from using this approach in fitting the multilayer
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adsorption model to argon 90.1°K isotherm data are shown in Table XVI. The elimina-
tion of the vibrational frequency as an unknown parameter in the multilayer adsorp-
tion model reduces the magnitude of the confidence intervals for the three remaining
unknown parameters. In addition, the improved conditioning of the model accelerates
the convergence of the iterative searching procedure.
Isotherm temperature
TABLE XVI
RESULTS OF FITTING THE MULTILAYER MODEL TO ARGON ADSORPTION DATA WITH
THE VIBRATIONAL FREQUENCY ELIMINATED AS AN UNKNOWN PARAMETER
Alkali-Extracted Acid-Hydrolyzed
Holocellulose Holocellulose Holocellulose
n , °K 90.1 0. "90.190.1
e d i a n , kcal. mole-
Y
V, ml. (STP) g.~-
























0.24 x 10- 2
aApproximate 95% linear confidence limits.
Polarization of the Argon Adsorbate by a Surface Electric Field
The ideal two-dimensional Van der Waals constants, a I and B , were used in
the multilayer adsorption model for the nonlinear regression analysis of the argon
adsorption data. The ideal constants, aI and g , can be calculated from the
familiar three-dimensional constants, a and b, as follows:
Xd 9(21/3




or da /I = a/2b. These ideal values apply when no orientation or polarization of
the adsorbate due to the substrate is present.
Since the argon adsorbate is spherical, the orientation effects do not have
to be considered. However, if a surface electric field is present at the adsorbent
solid-gas interface, then an induced dipole moment may be created in the argon
adsorbate. The induced dipole moment, Wi , is related to the electric field, E,
according to the following relation:
ind
d= E (72)
where i is the average polarizability for the freely rotating adsorbate species.
deBoer (56) has derived an expression for the reduction of the two-dimensional
Van der Waals constant a resulting from this effect:
X = -( i n d ) 2s/d (73)
where X is the change in a, and d is the diameter of the adsorbate species.
Using this relation, an operative two-dimensional Van der Waals constant, a p ,
can be calculated.
Op =Id +. (74)
Considering Equations (73) and (74), it is apparent that the a° P must be less
Id
than or equal to a
In order to check for the presence of a significant surface electric field
in the three cellulose adsorbents, the a o parameter was treated as an unknown
parameter like the UM e di an , , , and v parameters in the nonlinear regression
analysis. However, unlike the other four unknown parameters, the a p parameter
was constrained so that the estimated a°p values could only take on values less
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Id
than or equal to a . In this manner, an estimate of the surface electric field
strength could be obtained directly from the estimated value of a P and Equations
(73) and (72).
For all three adsorbents, the estimated aOP value did not differ significantly
from the a d value at the 95% confidence level. This result indicated that the
three water-dried cellulosic adsorbents used in this investigation did not have
a significant surface electric field. Deitrich (17) obtained similar results for
cotton cellulose fibers using a heat of wetting technique to determine the surface
electric field strength. Therefore, the a value was used in subsequent calcula-
tions as a known parameter.
THE NITROGEN-CELLULOSE ADSORPTION SYSTEM
Evaluation of the A Parameter
The three translational, two rotational, and one internal vibrational degrees
of freedom of the symmetric diatomic nitrogen molecule become, on physical adsorp-
tion, two translational, two rotational, and one internal vibrational degrees of
freedom with an additional center-of-mass vibrational degree of freedom perpendicular
to the surface. The surface may introduce a potential barrier restricting the
turning over of the molecule. The potential barrier may be high enough so that
the two rotational degrees will become effectively one degree of planar rotation
(rotation of the molecule about an axis perpendicular to the surface, the molecular
axis being parallel to the surface) and one degree of vibration (rocking of the
molecular axis out of a plane parallel to the surface).
Because of this orientation effect for the nitrogen adsorbate molecule, the
fraction of the nitrogen molecules in either the flat (axis parallel to the surface)
or perpendicular (axis perpendicular to the surface) position must be included in
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0
the relationship defining A. The superscript II is used to denote an orientation
with the molecular axis parallel to the surface, and the superscript L denotes an
orientation with the molecular axis perpendicular to the surface. If x equals the
fraction of the nitrogen adsorbate molecules oriented in the flat position, the
o
general relationship defining A is given by:
o _Astr (ASrot (AS L vib Evib
in A = R x - - x) RT
F E - kinkin l ki(F vib Ei ca~k)"· I I L v( ao (A n a on) /0
(1- x) - a + x ( + (1- x) - in sv /RT x RT l J RT 1- 
+ in 760. (75)
The integral translational entropy change, AS , is determined using the same
-S
formula as for the argon adsorption [i.e., Equation (63)]. The rotational entropy
change upon adsorption, AS_ , can be evaluated using the rotational partition
function. The rotational partition function, Q , for a molecule free to rotate
in n independent ways is given by (10):
in
8,rr(I I I kT n/2
Qrot = A1B IA2 (76)
where
n < 3 (77)
and IA, IB, and IC are the moments of inertia and a is the symmetry factor which
equals 2 for nitrogen. Since the rotational entropy, S ° , equals
S = R[ln Q + T ~(ln Qr°t)/T] (78)
the rotational entropy change upon adsorption, AS , is calculated as:
A rot =rot _rot
AS = S - S (79)a g
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where the S t and S t are the rotational entropies of the adsorbate and gas phase,
-a -S
respectively.
For the orientation of the nitrogen molecule perpendicular to the surface, the
rot
rotational degrees of freedom do not change, so that (AS ) = 0. However, the
adsorbed nitrogen molecule oriented parallel to the surface has lost one rotational
degree of freedom, so that using Equations (76), (78), and (79)
(ASrot) = -n + (80)
kh 2'
where I is the moment of inertia for the nitrogen molecule.
When the nitrogen adsorbate molecule is in the perpendicular orientation, the
adsorbate molecule has one external vibrational mode normal to the surface so that
vib vib'
( F - Eob) is defined by the identical relationship used for argon [see( a- a-o
Equation (64)].
( Fv - EVib) = RT ln(l - exp[-hV/kT). (81)a a o
For the parallel orientation, an additional rocking vibrational mode is present.
Coupling is likely to exist between the two external vibrational modes in this
situation. The assumption is made that the two vibrational frequencies are equal.
Therefore,
( F - E ) = 2RT ln(l - exp[-hv/kT]). (82)a a o
Since only one degree of translational freedom is lost upon adsorption for the
perpendicular orientation of nitrogen, the kinetic energy change, (AE k i ) , upon
adsorption is equal to -i/2RT. In the parallel orientation, a translational plus an
additional rotational degree of freedom is lost, so that (AEkin) = -RT.
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The standard state coverage, 9 , was calculated using the relationship:
e = [xIl + (1 - x)6l]/4.08T (83)
where
6 I = the two-dimensional Van der Waals constant corresponding to
b for the parallel orientation
61 = the two-dimensional Van der Waals constant corresponding to
b for the perpendicular orientation.
Using the relationship described in this section, a subroutine NITR in Appendix
II was written for the nonlinear curve-fitting program to evaluate as a function
of the vibrational frequency, v, and the fraction of nitrogen adsorbate molecules
in the flat position, x, oriented parallel to the surface.
Results of Nonlinear Regression Analysis for the Nitrogen
Adsorption Data
Because of the added complexity of orientation for the nitrogen adsorbate
molecule, an additional unknown parameter, x, the fraction of adsorbed molecules in
a flat position, must be introduced. Therefore, a range of the two-dimensional
constants, a and B, is possible depending upon the orientation (56). For the flat
position with the long axis of the nitrogen molecule parallel to the surface,
all = 45.0 x 10-30 erg cm.2 molecule - 2
I I = 17.1 A2 molecule- 1.
When the long axis of the nitrogen molecule is perpendicular to the surface,
Ca- = 52.5 x 10l3 erg cm.2 molecule- 2
- = .12.3 A. molecule-1.
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The nonlinear regression analysis for the nitrogen adsorption data was done
with five unknown parameters, y, Med V, ,' v and a p. The operative value
of the two-dimensional Van der Waals constant, cap , was constrained to have values
between al' and 0. The fraction of nitrogen molecules adsorbed in the flat posi-
tion, x, was calculated from the a p value using the relationship:
x = (aOP _ ) I - ) (84)
and B p was calculated as follows:
oP = x-ll + (1 - x) i . (85)
An example of the experimental nitrogen adsorption data and the fitted multi-
layer model isotherm resulting from the nonlinear regression analysis are shown in
Fig. 33. The adsorptive potential distribution function generated by the nonlinear
curve-fitting procedure for the nitrogen acid-hydrolyzed holocellulose data at 77.5°K
is presented in Fig. 34. The model parameter values and the thermodynamic data for
this example nitrogen isotherm are listed in Table XVII. A similar set of figures
and a table are in Appendix VI for each of the nitrogen isotherms.
A summary of the results from fitting the multilayer adsorption model to the
nitrogen isotherms for each of the three adsorbents is listed in Table XVIII. The
results of the nitrogen isotherm analysis ranks the adsorptive potential distribution
and the specific surface area of the three cellulose adsorbents in the same order
as the argon isotherms . The specific surface areas from the argon and nitrogen
isotherms for the same adsorbent were approximately equal as would be expected.
For all three adsorbents, the nitrogen molecules were all adsorbed essentially in
the flat position. The adsorptive potential was higher for the nitrogen molecule
than for the argon adsorbate for several reasons. Because the nitrogen was adsorbed
in the flat position, the additive effect of the two atoms was involved in the
-100-
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UMe d i a n = 1.56 + 0o 41 a kcal. mole'
1
UMe a n = 1.62 kcal. mole 1
UMode = 1.43 kcal. mole-'
y = 5.8 ± 1.73
V =1.18 ± 0.38 ml. (STP) g.'
v = 1.19 ± 3.26 x 1012 sec.- 1
2a/B (Ideal) = 0.849 kcal. mole-'
a = 45.0 x 10-30 erg cm.2 molecule 2
0 = 17.1 A? molecule-1
Fraction of nitrogen molecule in flat position = 1,0
Thermodynamic data:
AS t = -0.0099 kcal. mole~1 deg.
-s
AS r = -0.0054 kcal. mole1 deg. 1
ASv i b = 0.0053 kcal. mole-1 deg.~ 1
AEkin = 0.1540 kcal. mole- 1
0
A = 0.29937 x 107
aApproximate 95% linear confidence limits.
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TABLE XVIII
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO NITROGEN ADSORPTION DATA
Alkali-Extracted Acid-Hydrolyzed
Holocellulose Holocellulose . Holocellulose
Isotherm temperature, oK 77.5 - 77.5 -77.5
.an, kcal. mole 1 1.81 + 19.1a 1. 40 ± 0.34 1.56 0o.41
, kcal. mole- 1 1.94 1.46 1.62
* .- n O __ A-i _1.57 1.28 1.43
1.
3.5 ± 54.1
0.25 + 0 .37- '
1.15 ± 1.70
,38 ± 340.17. · ~~~~~
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aApproximate 95% linear confidence limits.








interaction with the adsorbent surface. In addition, the adsorbent surface inter-
acts more favorably with the linear diatomic nitrogen molecule than with the
spherical electron cloud of the argon atom.
Precision of the Parameter Estimates
The wider confidence intervals for the model parameters derived from the
nitrogen adsorption isotherms can be attributed to two sources. First, there is
more data scatter in the nitrogen adsorption data due to the smaller molecular
weight of the nitrogen adsorbate molecule relative to the argon adsorbate. Thus,
the mass measurements were of smaller magnitude in the nitrogen adsorption deter-
minations, resulting in a larger error variance, s2, in Equation (66). Secondly,
the volume of the confidence region ellipsoid could be decreased significantly if
the range of the data sampled were extended to higher relative pressures. The
nitrogen adsorption data used in determining the parameter values in Table XVIII
were for relative pressures of nitrogen up to 0.25 which resulted in a determinant
_ll1 value of 0.74 x 10-6 for the nitrogen acid-hydrolyzed holocellulose data.
If adsorption data had been.experimentally determined up to a relative pressure
of 0.40, the corresponding determinant value would have been 0.27 x 10-5. This
increased range of sampled data would have decreased the confidence region ellipsoid
volume by a factor of 1.9.
As with the argon adsorption data, the model parameter values derived from
the nitrogen adsorption data could have been constrained with greater precision
if a greater range of adsorption data had been sampled.
Elimination of the Vibrational Frequency as an Unknown Parameter
Using Equation (68) and the constant T derived from the argon adsorption data,
the vibrational frequency of the nitrogen adsorbate was calculated from the median
adsorptive potential, UMedian. The results of fitting the multilayer adsorption




RESULTS OF FITTING THE MULTILAYER MODEL TO NITROGEN ADSORPTION DATA WITH
THE VIBRATIONAL FREQUENCY ELIMINATED AS AN UNKNOWN PARAMETER
Alkali-Extracted Acid-Hydrolyzed
Holocellulose Holocellulose Holocellulose
Isotherm temperature. °K .77.5 - 77.5 77.5
uMedian mo- I
_ , kcal. mole
Y
, ml. (STP) g.-
v x 1012 sec. - 1
(calculated. from UMedian)
Percentage of nitrogen mole-
























Approximate 95% linear confidence limits.
The elimination of the vibrational frequency as an unknown parameter permits
an improved estimate of the fraction of adsorbed nitrogen molecules in the flat
position, x, because of the improved search conditioning.
THE CFC1 3-CELLULOSE ADSORPTION SYSTEM
Evaluation of the A Parameter
The three translational, three rotational, and nine internal vibrational degrees
of freedom of the asymmetric top type CFC13 molecule in the gaseous phase change upon
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physical adsorption depending on the mode of adsorption. Assuming that no significant
surface electric field exists at the cellulose solid-gas interface, two possible
models for the molecules in the adsorbate phase seem possible: (1) a free rotational
model where the adsorbed molecule has the same freedom to rotate as in the gas phase,
and (2) an oriented model, where the adsorbed molecule is oriented with the symmetry
axis of the molecule normal to the surface because the dispersion force type inter-
actions are at a maximum in this orientation when the chlorine atoms of the CFC13
molecule are closest to the surface.
For the free rotation model, the adsorbed phase has two translational, three
rotational, and nine internal vibrational degrees of freedom, and one external
molecular vibrational degree of freedom normal to the surface. Since there are
no rotational degrees of freedom lost upon adsorption, the free rotational model
0
A can be calculated using the same formulas used for the argon adsorption system.
A subroutine CFC13 in Appendix II was written for the nonlinear curve-fitting
program for the CFC13 adsorbate molecule with no preferential orientation.
For the oriented model,.the adsorbed phase has two translational, one rota-
tional, and nine internal vibrational, and three external molecular vibrational
degrees of freedom. In this orientation, the freedom to rotate about the two
principal axes that are parallel to the surface is restricted to oscillations of
frequency, vl and v2; in addition, the center of mass of the molecule vibrates
with respect to the surface, with a frequency of V3. The vibrational frequencies
vl and V2 are clearly equal to each other by virtue of symmetry. It would seem
likely that some coupling exists between the three vibrations so that one could
reasonably assume that all three vibrational frequencies are equal. Using this
0
assumption, the vibrational term in the general relation for A is:
(aF ib - E ) = 3RT ln(l - exp[-hv/kT]). (86)
a a o
The rotational entropy change upon adsorption, AS , can be evaluated using Equa-...:
tions (78) and (79). ; : . '' :
ASro t = -R l---- +1 (87)'I FSW3kT(IAIB) 1/z 'l8
h 2 .
where I and I are the moments of inertia lost on adsorption. Since one degree of
translational freedom and two rotational degrees of freedom are lost upon adsorption,
the kinetic energy change upon adsorption, AEin is equal to -3/2RT.
For both the free rotation and oriented model, the standard state coverage,
e , was calculated using the relationship:
e= d a/4.0 8T (88)
where B(oriented) is assumed equal to Id since the CFC13 molecule is almost sym-
metrical.
Results of Nonlinear Regression Analysis for the CFC13
Adsorption Data
For the free rotation model for CFC13-adsorption, the ideal values of the two-
dimensional Van der Waals constants, a and B d, were used. However, the oriented..
model required a correction of the a dvalue for the alignment of the permanent
dipole and the' anisotropy of the polarizability. The CFC13 molecule was assumed
to orient itself in response to the dispersion force interaction, with the three
chlorine atoms closest to the surface and the permanent..dipole of the molecule
normal to the surface. The operative two-dimensional constant, aop, is determined
using the relationship (10)
op = I + X (89)
The alignment of the permanent dipole would reduce a by introducing a mutual
repulsion term, \; the lateral polarizability'of the oriented.molecule is greater
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than the average polarizability of the freely rotating molecule. This would have
the effect of increasing ad (i.e., w is greater than unity). The orientation
factor, w, is defined as:
= (d4/V2)Id( 2/d4)op (90)
where d and are the molecular diameter and polarizability, respectively. For a
freely rotating molecule, the time-average polarizability is independent of direc-
tion and is related to the polarizability along the three principal axes of the
molecule by the expression:
d = (E1 +. 2 + U3)/3o (91)
The oriented molecule has a polarizability in the plane parallel to the surface
given by:
iop = ('+2 + 3)/2. (92)
Assuming the molecular diameter to be unchanged on orientation and using the
principal polarizabilities from Table VI, the w factor was calculated to be equal
to 1.079 for this orientation of CFC13. The repulsion term, X, due to the align-
ment. of the permanent dipole in CFC13 is defined by the expression:
X = -_ 2(Tr/d) (93)
where i is the permanent dipole moment, Using 0.45 Debye as the permanent dipole
moment of CFC13, the A correction factor is equal to -14.3 x 10 - 30 erg cm.2
molecule 2. Substitution of the X and w values into Equation (89) yields
Om = 355.7 x 10- 30 erg cm. 2 molecule - 2 which is slightly greater than Id =
343.0 x 10 - 30 erg cm. 2 molecule - 2 .
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The free rotational model was selected for the analysis of the adsorption data
because it was felt that the cellulose surface does not have strong enough disper-
sion forces to overcome the repulsion of the oriented molecular dipoles.-and to
hinder the molecular thermal motion in the oriented position.
An example of the experimental CFC13 adsorption data and the fitted multilayer
model isotherm resulting from the nonlinear regression analysis are shown in Fig. 35.
The adsorptive potential distribution function generated by the nonlinear curve-
fitting procedure for the CFC13 acid-hydrolyzed holocellulose data at 258.15°K is
presented in Fig. 36. The model parameter values and the thermodynamic data for
this CFC13 isotherm are listed in Table XX. A similar set of figures and a table
have been placed in Appendix VI for each of the CFC13 isotherms at 258.15°K.
A summary of the results from fitting the multilayer adsorption model, to the
CFC13 isotherms at 258.15°K for each of the three adsorbents is listed in Table XXI.
Precision of the Parameter.Estimates
In spite of the ability of the model to fit the experimental isotherms, the
unknown model parameter values could not be constrained to a narrow enough range
for interpretative use. The isotherm data covered a relative pressure range of
0.0 to 0.40, but this portion of the isotherm was not unique enough in nature to
constrain the model parameters. Because of the almost linear nature of the Type III
adsorption isotherms, many possible combinations of the four unknown parameters
would fit the data. The determinant value |I_| was 0.121 x 10- 13 indicating a
very high degree of correlation among the four unknown parameters. This high
correlation could not have been improved by extending the range of the adsorption
data. At higher relative pressures, the added complexity of capillary condensation
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Figure 35. 'Multilayer Adsorption Model Fitted to the CFC1 3 Acid-
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Figure 36. Adsorptive Potential Distribution for the CFC13 Acid-
Hydrolyzed Holocellulose Adsorption Data at 258.15°K
-110-
TABLE XX





UM e dia n = 3.80 ± 4.10 a kcal. mole- 1
Ue a n = 3.89 kcal. mole 1
UMode = 3.64 kcal. mole- 1
y = 11.2 ± 20.9
V = 1.90 ± 3.38 ml. (STP) g.-
V = 2.59 ± 29.62 x 1012 sec.- 1
2a/8 (Ideal) = 3.16 kcal. mole - 1
a= 343.0 x 10- 3° erg cm.2 molecule-2
8 = 31.2 A.2 molecule. 2
Thermodynamic Data:
ASt = -0.0127 kcal. mole' deg.-
-s
AS ° t =0.0 kcal. mole1 deg.-
AS ib = 0.0034 kcal. mole -1 deg. 1
AEkin = 0.2565 kcal. mole-'
A = 0.34708 x 10 7
Approximate 95% linear confidence limits
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TABLE XXI
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO
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0.38 x 10- 1 8
0.0016
0.12 x 10 - 1 3
Approximate 95% linear confidence limits.
bE = 0.269 Idv~, specific surface area as determined by the multilayer
adsorption model.
The reason for this unfortunate situation was the lack of a significant
surface electric field for the three cellulosic sample substrates so that only non-
polar adsorptive forces were functioning. With only nonpolar adsorptive forces
functioning, the CFC13 adsorbate clustered in multilayers only on the higher energy
patches since the interaction energy was higher for adsorbate-adsorbate interactions
than the adsorbate-surface interactions. This concept is illustrated best by





Uj = Ui/j 3 + (2Ca2//(jj-2) + (2Z/B)/(-2 +... = 2,3,... (30)
For the polar CFC1 3 gas, the adsorbate-adsorbate interactions are strong enough
(i.e., 2a/6 = 3.16 kcal./mole) so that once significant coverage (e1 + 1) is
reached on the higher energy patches, the adsorptive potential for the second layer,
U2, of a high energy patch is greater than the surface adsorptive potential, U1,
for the remaining lower energy portions of the surface. Thus, only the initial
knee in the adsorption isotherm (see Fig. 36) was influenced by the surface. The
remaining portion of the adsorption isotherm was due to multilayer formation on the
higher energy patches which is essentially a condensation phenomenon. Since the
surface properties have little influence on the isotherm shape in this case, the
model parameters describing the surface could not be constrained to a very narrow
range.
It seems that the only possible means for obtaining better parameter estimates
would be to select a different polar gas. For better results, the adsorbate gas
should have.a lower heat of condensation (e.g., carbon monoxide with 2a/6 = 0.890
kcal./mole) which would result in a Type II isotherm. The greater curvature and
more distinct shape of the Type II isotherm should permit constraining the model
parameters to a greater extent.
Similar parameter estimates and confidence intervals were obtained when the
oriented model for the CFC13 adsorbate was used in the multilayer adsorption model
for the nonlinear regression analysis. The multilayer adsorption model was not
fitted to the isotherms for temperatures above 258.15°K since this operation would
be fruitless because of the very wide confidence intervals determined for the
fitted parameters at the 258.15°K isotherm temperature.
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Elimination of the Vibrational Frequency as an Unknown Parameter
The results from the elimination of the vibrational frequency of the CFC13
adsorbate as an unknown parameter in the multilayer adsorption model are given in
Table XXII. The removal of the one additional unknown parameter does not reduce
the magnitude of the confidence intervals sufficiently for the model parameters
to be useful for characterizing the surface.
TABLE XXII
RESULTS OF FITTING THE MULTILAYER MODEL TO CFC13 ADSORPTION DATA WITH
THE VIBRATIONAL FREQUENCY ELIMINATED AS AN UNKNOWN PARAMETER
Adsorbent: Acid-hydrolyzed holocellulose
Isotherm temperature,. K 258.15
U edian, kcal. mole-1 3.08 ± 1.4 1 a
Y 7.3 ± 7.4
VS, ml. (STP) g.- 1 3.57 ± 6.02
V x 1012, sec.- 1 (calculated from UM e di ) 1.48
S(.P) 0.0012
TIJlI 0.12 x 10- 8
aApproximate 95% linear confidence limits.
Elimination of Both the Vibrational Frequency and the
Monolayer Volume as Unknown Parameters
In an effort to further reduce the magnitude of the confidence intervals for
the unknown parameters in the adsorption model, an attempt was made to remove both
the monolayer volume, V, and the adsorbate vibrational frequency, v, as unknown
parameters. By assuming that the argon adsorbate was accessible to the same
surface area as the CFC13 adsorbate, a monolayer volume for the CFC13 adsorbate
was calculated (i.e., [V BId] CFC1 3 = [V gId]argon). The results from fitting the
multilayer adsorption model with two unknown parameters to the CFC13 adsorption data
are presented in Table XXIII. This approach was unsatisfactory for several reasons.
The adsorption model with only two unknown parameters does not have enough degrees
of freedom to adequately fit the adsorption data as indicated by the large increase
in the S(p) value. The restriction of the V and v parameters to fixed values does
not allow for the parameter correlations present even in the best-conditioned data
sets (e.g., argon-acid hydrolyzed holocellulose at 77.5°K).
TABLE XXIII
RESULTS OF FITTING THE MULTILAYER MODEL TO CFC13 ADSORPTION DATA
WITH BOTH THE VIBRATIONAL FREQUENCY AND MONOLAYER VOLUME
ELIMINATED AS UNKNOWN PARAMETERS
Adsorbent: Acid-hydrolyzed holocellulose
Isotherm temperature, OK 258.15
UMedian kcal. mole- 1 4.65 + 0.07a
y 43.3 + 22.0
V , ml. (STP) g.-1 0.606
v x 1012, sec. 1.82
S(9) 0.0053
IJIl 0.50 x 105-
aApproximate 95% linear confidence limits.
The above unsuccessful attempts to improve the adsorption model conditioning
by removing unknown parameters indicate that the effort for improvement should be
on the cause, not the effect, of the ill-conditioning. The real cause of the
model ill-conditioning is the lack of influence of the surface properties on the
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CFC13 adsorption isotherms when the substrate is a nonpolar and relatively low-
energy surface.
Infrared Investigation of CFC13 Hydrogen Bonding Properties
This investigation was undertaken to determine if the CFC13 adsorbate could
possibly hydrogen bond with the cellulosic adsorbent substrates. Hydrogen bonding
can occur in any system containing a proton donor group (X-H) and a proton acceptor
(Y) if the s-orbital of the proton can effectively overlap the p- or ir-orbital of
the acceptor group. Atoms X and Y are electronegative with Y possessing lone pair
electrons. The common proton donor groups in organic molecules are carboxyl,
hydroxyl, amine, or amide groups. Common proton acceptor atoms are oxygen, nitrogen,
and the halogens.
The strength of the hydrogen bond is at a maximum when the proton donor group
and the axis of the lone pair orbital are collinear. The strength of the bond is
inversely proportional to the distance between X and Y.
Hydrogen bonding alters the force constant of both groups so that the fre-
quencies of both stretching and bending vibrations are altered. The X-H stretching
bonds move to longer wavelengths (lower frequencies) usually with increased inten-
sity and band widening. The stretching frequency of the acceptor group, e.g., C-F,
is also reduced, but to a lesser degree than the proton donor group. The change
in frequency between the "free" OH adsorption and bonded OH adsorption is a measure
of the strength of the hydrogen bond. These effects are illustrated in Table XXIV
for the stretching frequencies of hydroxyl groups (57).
A ternary solution of ethanol (donor compound), CFC13 (acceptor compound), and
carbon tetrachloride (solvent) was used to evaluate the intramolecular hydrogen
bonding properties of the CFC13. When hydrogen bonding is present, both the free
and associated hydroxyl bands are observable in the I.R. spectra. Increasing; the
concentration of the acceptor increases the intensity of the associated band and
decreases the intensity of the free band (58).
TABLE XXIV
EFFECT OF HYDROGEN BONDING ON THE FREE STRETCHING
FREQUENCY OF HYDROXYL GROUPS
Frequency Reduction from the
X-H...Y Free to Associate Band,
Strength vOH, cm. 1
Weak 300
Strong 500
The free hydroxyl peak was observed at 3640 cm.-1, but no associated hydroxyl
peak was observed for any of the prepared solutions. These results indicate that
CFC13 does not effectively form hydrogen bonds with hydroxyl groups. From these
observations, it was concluded that only Van der Waals-type forces functioned in
the adsorption of CFC13 on cellulose and that no hydrogen bonding forces were
operative. The lack of hydrogen bonding between CFC13 and hydroxyl groups is
further confirmed by the insolubility of CFC13 in hydroxyl-containing compounds
like ethylene glycol and glycerol.
ANALYSIS OF ADSORPTION DATA USING CLUSTERING FUNCTIONS
In the notation of Zimm and Lundberg (31), the clustering function is given
by lGi1/vI in which cp1 and vl are the volume fraction and partial molecular
volume of the adsorbate and G1 1 is a cluster integral. The clustering function
is defined equal to the mean number of adsorbate molecules in the vicinity of a
given adsorbate molecule in excess of random expectation. Thus, a negative cluster-
ing value indicates that a given adsorbate molecule is less closely packed than a
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molecule in an ideal system. A positive clustering value is interpreted as indica-
tive of a clustering of the adsorbed phase.
The clustering function versus the volume of argon adsorbed on acid-hydrolyzed
holocellulose at 77.5°K is presented in Fig. 37. As the adsorbed volume increases
there is an increasing availability of energetically favorable adsorption sites.
As the molecules are adsorbed on successively lower and lower energy, unoccupied,
homotattic patches of the heterogeneous surface, the molecular packing density
decreases. This decreasing clustering value with increased volume adsorbed is




>§ ° Vm = 0.62 ml.(S.T.P.) g l
zogn~~ VgV = BD.39 ml.(S.T.P.) g9.
rE
w +
0 -0.5 - +
+ +++ + +++C. + .{-+. {-+++++
-g'0 )-'2 - 4 6 8 O1
VOLUME ADSORBED, ml(S.T.P.)/gram (x 10')
Figure 37. Clustering Function lPGl1 /vI for Argon Adsorbed
on Acid-Hydrolyzed Holocellulose at 77.5° K
With further increases in the adsorbed volume, the molecular packing density
will begin to increase as the adsorbate molecules fill up or cluster on the higher
energy patches (i.e., a positive slope of the clustering value curve). The curve
will have a broad minimum due to the heterogeneity of the surface. This minimum
is expected to be near the monolayer volume. Examining Fig. 37, a minimum does
not exist at the monolayer volume, V , defined by the BET theory. In fact, the
clustering function continues to decrease beyond the V value. The volume range
-m
of the adsorption data does not include the monolayer volume, Vn, defined by the
multilayer adsorption model. It is anticipated that the clustering function values
would begin to increase beyond the V value.
Very similar results were obtained for the nitrogen data. The clustering
function versus the volume of nitrogen adsorbed on acid-hydrolyzed holocellulose
at 77.5°K is presented in Fig. 38.
0.5-
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Figure 38. Clustering Function plGll/vl for Nitrogen Adsorbed
on Acid-Hydrolyzed Holocellulose at 77.5°K
The clustering function versus the volume of CFC13 adsorbed on acid-hydrolyzed
holocellulose at 258.15°K is presented in Fig. 39. The clustering functions for
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Figure 39. Clustering Function PIG1l/vl for CFC13 Adsorbed
on Acid-Hydrolyzed Holocellulose at 258.15°K
The initial negative slope can be explained in the same manner as for the argon
data. However, at low coverage, as the volume adsorbed increases there is a short
region of positive slope. This positive slope is due to the preferential adsorp-
tion of molecules on the higher energy homotattic patches. The clustering or
preferential adsorption on these patches is due to the greater energy of interaction
among the adsorbate molecules themselves (i.e., 2a/6 = 3.16 kcal./mole) than the
adsorptive potential of a substantial portion of the surface homotattic patches.
Only after a multilayer adsorbed phase is present on the higher energy patches do
the lower energy patches begin to fill with adsorbate molecules. The filling of
the lower energy unoccupied patches results in the negative slope of the clustering
function curve after the local minimum. From this point on, the interpretation of
the clustering function curve is similar to the argon and nitrogen data. In this
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case, again, the BET theory predicts a monolayer volume, V , at a volume where the
clustering function is still decreasing.
These results seem to indicate that the BET theory does not yield an accurate
estimate of the monolayer volume for the total accessible surface. For all three
adsorbates, the monolayer volume estimate derived from the BET theory appears to
be too low.
DISCREPANCIES BETWEEN MONOLAYER VOLUMES DETERMINED BY
THE MULTILAYER ADSORPTION MODEL AND THE BET THEORY
The multilayer adsorption model was used to generate theoretical adsorption
data for argon adsorbed on surfaces where the heterogeneity parameter, y, and the
median adsorptive potential, Median, were varied. The other parameters in the
multilayer adsorption model were fixed [V = 1.0 ml. (STP)/g. and V = 1 x 1012
sec. 1]. The BET equation was applied to the model isotherms over the relative
pressure range from 0.05 to 0.30 to determine the monolayer volume, V , predicted
-m
by the BET theory. The results of these model calculations for the various median
adsorptive potentials and different heterogeneity parameters are shown in Fig. 40
where V /V is plotted as a function of y and UMedian It is clear from this
figure that the monolayer volume predicted from the BET equation is dependent on
the median adsorptive potential as well as the width of the adsorptive potential
distribution function as determined by the heterogeneity parameter. The discrep-
ancies between the two monolayer volumes are especially magnified at the lower
median adsorptive potentials. For median adsorptive potentials less than 1.25
kcal./mole, the monolayer volume, V , predicted by the BET theory may be either
greater than or less than the model monolayer volume, VB, depending upon the
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Figure 40. Variation of the Ratio V /V with the Median Adsorptive
Potential and the Heterogeneity Parameter
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It is not pretended that the model isotherms calculated in this section are
the ultimate in exact images of real adsorption isotherms. But the results in
Fig. 40 may be taken as an indication that the accuracy of the results of the BET
equation may be influenced by the adsorptive potential distribution median and
width. Even when the BET theory is used to calculate relative surface areas of
samples, one must be cognizant of the fact that the comparisons are accurate only
when the adsorptive potential distribution is unchanged for the samples.
For the cellulosic samples investigated in this work, the BET monolayer volume,
V , is lower than the multilayer adsorption model monolayer volume, V,, by a factor
of 1.5 or greater. Ross and Olivier (10) have suggested that the values of EBET
derived from V are only estimates of the surface area having an adsorptive potential
-m
greater than that of the adsorbate film (e.g., 2a/B = 1.002 kcal./mole for argon).
Considering the low and broad adsorptive potential distributions for the cellulosic
substrates, it is obvious that the BET surface area estimates only a fraction of the
total accessible surface area.
DESIGN OF GAS ADSORPTION EXPERIMENTS FOR USE WITH THE
MULTILAYER ADSORPTION MODEL
In this section, the problem of designing experiments for generation of data
to evaluate the parameters in the model will be considered. Since the form of
the theoretical adsorption model is now known, the problem which confronts the
experimenter is to constrain the unknown parameters of the model.
If experiments are not carefully planned, the experimental data may be so
situated in the space of the variables that the estimates which can be obtained
for the parameters cp are not only imprecise but also highly correlated. Once the
data are collected, a statistical analysis, no matter how elaborate, can do nothing
to remedy this unfortunate situation. However, by selecting a suitable experimental
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design in advance, these shortcomings can often be avoided. Although the problem
of designing experiments in nonlinear situations has received comparatively little
attention by statisticians, some possible approaches have been suggested (59-61).
All of the approaches attempt to choose a design, D*, in such a manner that
the volume of the approximate confidence region for p is minimized. If the experi-
mental errors are approximately normally distributed and the model is approximately
linear in the vicinity of the least-squares estimated parameters c, then the volume
of the confidence region is proportional to the square root of the reciprocal of
the determinant |i_.
Unfortunately, since one does not know the values of the parameters ^ (indeed,
to obtain these estimates is the object of carrying out the experiment), one does
not know the derivatives in J on which the design is to be evaluated. In most
cases, some knowledge of the size of the cp's in the model will be available. It
is suggested that preliminary guesses p should be made, and that the derivatives
should be determined at these values o instead of '. The resulting determinant
J°-J°|l is then an explicit function of the values of the independent variables
in the model. It is therefore possible to find numerically those values for the
independent variables in the model which maximize the determinant J°-TJ°l. Thus,
the optimum design, D, is chosen so as to maximize the determinant.
The need for some preliminary knowledge of the parameters is not peculiar to
this method of experimental design. It is an example of the more general fact that,
if nothing is known about the experimental situation, then, properly speaking, no
experiment can be designed. The experimental design is thus efficient depending
on whether the experimenter turns out to be nearly right on the parameter preliminary
*D denotes the design matrix.
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guesses Tpo. The statistical design of experiments is the art of determining on
current evidence what additional experiments will furnish the most knowledge of
the situation.
From the above discussion,, it is obvious that the process of experimental
investigation is an iterative one. Experimentation involves the steps of conjecture,
design, experiment, and analysis continually repeated as illustrated in Fig. 41.
Experimentation is thus essentially a dynamic process. Design leads to analysis via




Of the two, design and analysis, the former is undoubtedly of greater importance.
The damage of poor design is irreparable, no matter how ingenious the analysis; little
information can be salvaged from poorly planned experimental data.
It is hoped that the multilayer adsorption model and nonlinear regression tech-
niques developed in this thesis will be used by future workers, not only in analysis
of gas adsorption data but also in the design of gas adsorption experiments so that
the model parameters can be constrained within significant bounds.
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CONCLUSIONS
The physical adsorption model for multilayer adsorption on a patchwise hetero-
geneous surface, which was developed in this thesis, offers a more realistic model
for adsorption on extremely heterogeneous surfaces. Multilayer adsorption is likely
to take place on the higher energy patches of heterogeneous surfaces before a
significant monolayer coverage occurs on the lower energy patches. Since the Ross
and Olivier model considers only monolayer coverage, the multilayer model is a
significant improvement. Using the new adsorption model in combination with non-
linear regression analysis techniques, confidence intervals for the model parameters
can be obtained for the first time. It was demonstrated that the nonlinear regres-
sion analysis procedures can be used not only to determine the precision of model
parameter estimates but also to evaluate proposed adsorption experimental designs.
When the multilayer adsorption model and the nonlinear regression analysis
techniques were applied to the argon adsorption data, the holocellulose and acid-
hydrolyzed holocellulose had similar adsorptive potential distributions while the
alkali-extracted holocellulose apparently had a lower and more uniform (i.e.,
higher y) adsorptive potential distribution. The specific surface areas, r,V
were ranked in the same order as indicated by the electronmicrographs. Considering
the results of the various methods used in characterizing the adsorbent samples
(e.g., electronmicrographs, carbohydrate analysis, x-ray diffractometric procedures,
etc.), one can speculate that the difference between the adsorptive potential
distributions for the acid-hydrolyzed holocellulose and the alkali-extracted holo-
cellulose was due to physical effects (i.e., surface imperfections, fissures,
cracks, pores, etc.) or surface topology. However, the difference between the
holocellulose and the alkali-extracted holocellulose was probably due to chemical
effects (i.e., loss of hemicellulose components upon extraction).
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Considering the results in Table XXV from fitting the multilayer adsorption
model to the argon adsorption data at 77.4°K obtained by Deitrich (17) for the
Stoneville-2B cotton, the model parameters indicated that the purified cotton was
probably a lower energy surface than the three wood-derived cellulosic samples
which were investigated in this thesis.
TABLE XXV
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL
TO ARGON ADSORPTION DATA FOR COTTON (17)
SV-2B-3 Sample
UMedi a n , kcal. mole - 1 1.10 ± 0.24
y 4.23 + 2.68
V, ml. (STP) g.~1 23.5 ± 12.3
v x 1012, sec.-' 1.19 ± 0.40
For all three adsorbents, the estimated value of the operative two-dimensional
Van der Waals constant, aop, for argon did not differ significantly from the aI
value at the 95% confidence level. This result indicated that the three cellulose
adsorbents did not have a significant surface electric field, in agreement with
the results of Deitrich (17) for cotton. The lack of a significant surface electric
field confirmed the absence of surface dipoles for cellulosic substrates, indicating
that the surface hydroxyl groups of the water-dried celluloses were internally in-
volved in hydrogen bonding within the cellulose structure. Therefore, there was
an insignificant contribution of the classical electrostatic interactions to the
adsorptive potential.
The results of the nitrogen isotherm analysis ranked the adsorptive potential
distribution and the specific surface area of the three cellulose adsorbents in the
same order as the argon isotherms. The specific surface areas from the argon
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and nitrogen isotherms for the same adsorbents were approximately equal as would be
expected.
The almost linear Type III isotherms, instead of the curved Type II isotherms,
obtained for the polar CFC13 adsorbate, confirmed the conclusion from the argon
adsorption data that apparently no surface dipoles were present on the water-dried
cellulose surfaces investigated. Only nonpolar adsorptive forces were functioning
due to the lack of a significant surface electric field. The polar CFC13 adsorbate
clustered in multilayers on the higher energy patches of the surface. 'The inter-
action energy was higher for the adsorbate-adsorbate interactions than adsorbate-
surface interactions for the remaining lower energy patches of the surface. Thus,
only the initial portion of the CFC13 adsorption isotherm was influenced by the
surface, but the remaining portion of the isotherms was due to the multilayer
formation on the higher energy patches, which is essentially a condensation
phenomenon. Since the surface properties had little influence on the isotherm
shape in the Type III case, the model parameters describing the surface were highly
correlated and could not be constrained to a narrow enough range for comparative
conclusions.
The application of clustering function theory to the adsorption data provides
a molecular level interpretation of the physical adsorption process. For all
three adsorbates, the clustering theory interpretation was compatible with the
multilayer adsorption model analysis.
The BET theory analysis of the adsorption data ranked the adsorbent samples
in terms of specific surface area and adsorptive potential (i.e., c-parameter
value) in the same order as the multilayer adsorption model analysis. However,
the BET monolayer volume, V , was lower than the multilayer adsorption model
volume, VV, by a factor of 1';5 or greater for all the cellulosic samples. These
-P
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results confirmed that the monolayer volume predicted from the BET equation is
dependent on the median adsorptive potential as well as the width of the adsorp-
tive potential distribution.
In conclusion, it should be emphasized that the results obtained from this
study apply only to the interaction of species with the cellulosic surfaces where
hydrogen bonding is not involved.
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SUGGESTIONS FOR FUTURE RESEARCH
A model for multilayer adsorption on heterogeneous surfaces has been suffiL
ciently developed to be used as a research technique in characterizing the surface
properties of solids. The next logical step in studying the surface chemistry of
the cellulosic substrates should be an attempt to correlate other surface phenomena
(e.g., interfiber bonding, adhesion, adsorption, wetting, etc.) with the adsorptive
potential distribution and surface area derived from the model.
In particular, it is hoped that future workers will make use of the mathe-
matical model and the nonlinear regression analysis techniques to design proposed
gas adsorption experiments to constrain the model parameters adequately for inter-
pretative use. For almost any conceivable adsorption substrate, enough information
is available so that the feasibility of a proposed experimental design can be
adequately tested.
Moreover, every effort should be made by future workers to use rigorous sta-
tistical methods in analyzing adsorption data, so that valid statistically sound




























= Van der Waals constant of a nonideal gas
= temperature-dependent function of various changes of free energy
and.entropy which occur on adsorption
= Van der Waals constant of a nonideal gas
= estimated values of the parameters 81 and 82
= constant in Equation (2)
= defined on page 14:
= cosine function
= covariance of parameters bi and b
= percentage crystallinity index
= coefficients of terms in potential energy function
= empirical constant in repulsive potential equation
= diameter of the adsorbate molecule; minimum inside diameter of
tube in millimeters
= design matrix
= 2.7183; integration limit
. e]
= surface electric field intensity
= average vibrational energy of an adsorbed molecule at 0°K
= normalizing factor for $(U) function; factor for diameter of the
hangdown tubes; vibrational force constant
= generalized model multilayer adsorption function
= additional Gibbs free energy of the absorbed phase due to molecular
vibrations with respect to the surface





h = Planck's constant
i = index denoting the experimental set of data; index denoting the
surface adsorptive potential distribution
I = moment of inertia of nitrogen molecule
I0 = index of order
I = intensity of background scatter at 28 = 18°
-am
Ih = inordered height or minimum height of the diffraction pattern
between 18 and 19° 29
,I' IB = moment of inertia about axis A, B, and C
I = intensity of the diffraction from the (002) plane at 29 = 22.6 °
aJ_ = index denoting the adsorbate layer
J = n x p Jacobian matrix of partial derivatives
k = Boltzmann constant; number of lattice atoms per unit volume;
summation index
k. = defined in text on page 17
-1
k' = value of k. which corresponds to U' of the Gaussian distribution
function -
K = defined in text on page 9
K =.x-ray radiation wavelength line
in = natural logarithm function
m = empirical constant in Equation (3); mass of the specified atom
or molecule
M = molecular weight of the adsorbate; molarity
M-uoy = buoyancy correction to mass adsorption data
M = corrected mass adsorption data
-corr
M = raw or uncorrected mass adsorption data
-raw
MTMF = thermomolecular flow effect correction to the mass adsorption data
n = normalizing factor for the log-normal distribution '(U i);
number of experimental data points; degrees of rotational freedom
n = defined in text on page 9
nj.
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N = Avogadro's number; normality
Oh = ordered height = Th - Ih
p = pressure; number of unknown parameters
pc = adsorbate critical pressure
po = saturation vapor pressure
= pressure at sample temperature T
pI = pressure at game temperature T2




qi = differential heat of adsorption
st
t = isostericheat of adsorption
QL = heat of vaporization of the liquid adsorbate
rot
Qrot = rotational partition function
Q1 = heat of adsorption of gas in first adsorbate layer
r = distance of separation of two atoms
r. = distance between an adsorbed particle and lattice points of
-- idealized solid
r' = constant in Equation (2)
r = equilibrium distance where au/Dr = 0.-o
R = gas constant
R = defined in text on page 57-m
s2 = error variance
ot = rotational entropy
T = absolute temperature; adsorption isotherm temperature; superscript
denoting matrix transposition
T = adsorbate critical temperature
-c
Th = total height of diffraction.pattern between 22 and 23 ° 26
u(r) = total interaction potential
ud(r) = dispersion interaction potential
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= interaction potential due to interaction between adsorbed molecules
= repulsive interaction potential
= interaction potential due to the interaction between a permanent
dipole in the adsorbate and the electric field of the adsorbent
surface
= interaction potential due to polarization of the adsorbate by the
surface
= equilibrium interaction potential at r = r
= adsorptive potential energy
= mean adsorptive potential at the maximum of the Gaussian
distribution function
= surface adsorptive potential for monolayer adsorption on a
heterogeneous surface
= surface adsorptive potential for multilayer adsorption on a
heterogeneous surface
= adsorptive potential for multilayer adsorption on a heterogeneous
surface, where i denotes the surface adsorptive potential distribu-
tion, and _ denotes the adsorbate layer
= adsorptive potential at the jth adsorbate layer on a homogeneous
surface
= uniform surface adsorptive potential for a homogeneous surface
= mean or average adsorptive potential
= median adsorptive potential
= most probable adsorptive potential
= partial molecular volume of Component 1
= volume adsorbed




= monolayer volume defined by the BET equation
= monolayer volume defined by the Ross and Olivier or multilayer
adsorption model




























V = value of the dependent variable, volume, predicted by the model
w = radial distance from the z axis to a point in the interior of
the continuum
W(z) = total energy of interaction between the adsorbate and the
semi-infinite continuum solid
W = depth of potential energy minimum
-o
x = orthogonal coordinate in the plane of the surface; p 2 d, as
defined in text on page 57; fraction of nitrogen adsorbate
molecules in the flat position
y~_ == orthogonal coordinate in the plane of the surface
z = shortest distance from gas atom or molecule to the surface
z = equilibrium distance between the surface of a' continuum and an
adsorbate molecule
z = activity of species x
-x
a = two-dimensional analog of Van der Waals constant a
Id
a == ideal value of a
a°O = operative value of a
-e ~ = constant defined in text on page 57
2a/B = heat of condensation for a two-dimensional Van der Waals gas
B = two-dimensional analog of Van der Waals constant b
BI d = ideal value of B
B°P = operative value of S
He = constant defined in text on page 57
S1, B2 = parameters used in illustration on page 39
y = heterogeneity parameter for the log-normal distribution
Yx = volume fraction activity coefficient of species x
d6. = fraction of surface having energies between U and U + dU
AEkin = change in kinetic energy of translation and rotation upon
adsorption




ASt = integral translational entropy change upon adsorption
-s
vib
ASvb = vibrational entropy change upon adsorption
Aw =,difference between the buoyancy force on the counterweight and
on the sample
A6. = incremental fraction of surface with energies between U and
- U + dU
rI ~ = viscosity of the gas
e = Bragg angle of diffraction; degree of coverage of a homotattic
patch by a closely packed monolayer of adsorbate
0. = fractional coverage of the ith.homotattic patch for monolayer
-~- adsorption on a heterogeneous surface
ij = fractional coverage of the Ith adsorbate layer and the ith
~-- homotattic patch for multilayer adsorption on a heterogeneous
surface
8 = fractional coverage of the Jth adsorbate layer on a homogeneous
- surface
8 = fractional coverage of the surface at the standard state of the
- adsorbed phase
® = fractional coverage of the total surface
X = polarization factor in Equation (70)
)-e ~ = dipole moment
uP = permanent dipole moment
ind
ind = induced dipole moment
v = adsorbate vibrational frequency normal to the surface
v = lowest vibrational frequency of molecule in the potential well
z
i5 = polarizability of a molecule; eigenvalue of a matrix
Er = 3.14159
n = product notation
p = number of "equivalent lattice points" per unit volume
Pj = correlation coefficient
a = symmetry factor
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a = molecular cross-sectional area of the adsorbate
o
.aM ~ = standard deviation of the adsorption data terms
IC ~ = summation notation
ESB = specific surface area of the adsorbent calculated from V
EBET = specific surface area of the adsorbent calculated from V
oBET -m
T ' = constant in Equation (92)
)9 .= parameter matrix
9° = initial guess parameter matrix
<p E= least squares estimated parameter matrix
9 = pressure shifting factor
9 = volume fraction of species x
D(U) .= Gaussian distribution of potential energy U
V = angle between the axis of the dipole and the surface electric field
Y(U 1) = log-normal distribution of the potential energy U
w = orientation factor
f = integral
00 = infinity
'~u = subscript denoting matrix notation
l l = determinant
|II = superscript denoting an orientation of the molecular axis parallel
to the surface
= superscript denoting an orientation of the molecular axis perpen-
dicular to the surface
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The experimental scientist is frequently faced with the task of fitting a model
in the form of a functional relationship between a response variable, Y, and a number
of input variables, xl, x 2 , ... , xk , that have been collected during a controlled
experiment. Often a mathematical relationship is assumed and is. written in the form
of a regression function '":.
Y = f(xl, X2, ... , Xk; 1, 2, ... , p)) + £. (94)
The explicit regression function, f, is referred to as linear or nonlinear in the
unknown parameters )1, 42 , *.., i. The residual, E, is the difference between the
observed response, Y, and the response calculated from the regression function.
The sum of squares of the residuals,
S(4) = EE2 = Z(Yf)2 (95)*
is a p-variable function of the parameters )1, '2, *.., ip. The method most fre-
quently employed to estimate the values of the unknown parameters is the Method of
Least Squares which minimizes the sum of squares of the residuals as a function of
the unknown parameters.
When the regression function f is linear in the parameters, the p equations
resulting from setting aS(j)/3 j = 0 for J = 1,2,...,p, are linear in the j. and
they are known as the normal equations in multiple regression estimation. When
the regression function is nonlinear in the parameters, both the theory and the
practice of the estimation procedure is considerably more difficult (24).
*The subscript - denotes matrix notation.
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FORMUTLATION OF THE NONLINEAR REGRESSION PROBLEM
Consider the following nonlinear least squares problem: Given n sets of
experimental observations
(Yi' xli, x2i, . Xki) i = 1,2,..., n (96)
fit the regression equation
Y = f(x, j) (97)
where
x= (xi, x 2, ... , k)T (98)*
and
T
t = (1(, 02, ... , %p) (99)
to the data (62). The problem is to estimate the parameter values which will minimize
n
S(W) = I [Yi - f.(x, 0)]2. (100)
'- i=l
ESTIMATING THE PARAMETERS OF A NONLINEAR SYSTEM
An iterative procedure is used to estimate the parameter values which will
minimize S(W). An initial informed guess of the parameter values, .°, must be
supplied. The algebraic form of the iterative procedure is
O 1s+l = fs + s(101)
where the superscripts indicate the iteration index, and 6- is the increment vector
computed at -. There are several methods available to compute the increment
vector: (1) linearization, (2) steepest descent, and (3) Marquardt's compromise.
*The superscript T denotes matrix transposition.
LINEARIZATION
The Gauss-Newton method uses a linearization of the function by a Taylor series
to compute successive linear least square estimates of the parameters.
~f~~~J J=lf(xi. 4)+ 6t) = f(x.i, 4) + a ) (102)
or
f = fO + J 6 (103)
The vector 6 is a small correction to 4, with the subscript t used to designate 6
as calculated by this Taylor series method. J is the n by p Jacobian matrix of
partial derivatives afi/Da . The matrix J is obtained by finite difference quotients,
and therefore is a discrete approximation to a matrix of first-order partial deriva-
tives (63). The ratios are computed as
[f(x, + h) - f(x,)]/h j = 1,2,..., p (104)
where h is a small increment. Equation (104) is an approximation to the expression
-T^ (105)
since by definition, the limit of Equation (104) as h-KO is Equation (105).
-A
Since 6t appears linearly in Equation (102), 6 t can therefore be found by the
standard least squares method of setting S())/41, = 0 for all A. Thus, 6t is found
by solving
A6 = g (106)
where ' '
(PxP=) T
A( =J J (107)
j(nxP) = jf /a i =.l,2',...:.,-n -J 1,2,2,..., p (108)
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g(pXl) = (Y - fi)(3fi/aJ) j = 1,2,...,p
= (Y - f). (109)
The Gauss-Newton vector is therefore,
6 = (jT) JT (Y-f) (110)
or
6 = (A)- . (111)
A linear function can be solved by this method in just one iteration.
STEEPEST DESCENT
The steepest descent or gradient method steps off from the current trial value
in the direction of the negative gradient. The gradient of S(4) is the vector with
components S(p)/a., j = 1,2,...,p more conveniently written in the matrix form as
VS(') = -2g.
The gradient search method attempts to locate a point where VS(4) = 0 with
S(W) approximated locally as a first-order- Taylor series. Search methods using the
gradient are called steepest descent methods where the gradient search vector, 6 ,
equals g. Although a steepest descent strategy has been found to be good initially,
especially when the starting point is some distance from the minimum, the Gauss-
Newton search has better convergence properties. Despite this advantage, the
strict use of the Gauss-Newton search in nonlinear least squares problems has very
T
real computational difficulties. Inverting the matrix jiT_ requires considerable
care because of the near singular conditions which may occur. Always lurking as a
subtle danger is the nearly singular situation where a vector, 6t' of considerable
length is determined, relocating the search to some remote region of space
incompatible with the initial estimates. In addition, an ill-conditioned T-
matrix may occur by chance at any stage of the search if' the partial derivatives
with respect to one parameter should become much smaller than derivatives with
respect to another parameter.
MARQUARDT'S COMPROMISE
Marquardt's compromise reduces this difficulty by searching with a more general
gradient, the Newton-Raphson vector
-1
6 = (JTJ + C) g. (112)
Here an arbitrary square matrix C is defined to accelerate convergence and avoid
singularities. Marquardt noted that the properties of the gradient (25, 64) methods
are not scale invariant. It is necessary to scale the parameter space in some con-
venient manner. He chose to scale the parameter space in units of standard devia-
tions of the derivatives af./a4 taken over the sample points i = 1,2,...,n. This
choice of scale causes the A matrix to be transformed into the matrix of simple
correlation coefficients among the afi/$j . Furthermore, this choice of scaling
is widely used in linear least squares methods for improving the numerical aspects
of the computing procedures. The scaled matrices A* and g* are defined as
A* = A* = A, /( ) (113)
A jj jAj j, . j
g* = g* = Ag/e . (114)
- j d ii
The Gauss-Newton vector, 6, is solved, using A* = g* where
6t =W 6't/ ) *(115)
/..d -t jj
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Marquardt then worked with the vector
6* = (A* + XI)-1 g* (116)A/M - -
the Newton-Raphson vector with C = XA, where X is a finite non-negative scalar and
I is the identity matrix. For X = 0, M6 -6 the Gauss-Newton vector; as X -+ , the2M ^-t
orientation of 6 approaches 6 , the gradient vector. Thus, Marquardt's vector,
6 , combines the better features of both the steepest descent and the Gauss-Newton
search methods through a single blending parameter-X. The vector 6M decreases mono--M
tonically in length as X increases.
Figure 42 illustrates a system of contours representing constant values of
S(4) in a two parameter space. The minimum value of S(() is at . do° represents
--- --
the base location of the search vector initially or at a given iteration. The
local contours at o° are linearly approximated by an ellipse which is indicated
with a dashed line. The steepest descent vector, 6 , is normal to this ellipse;
the Gauss-Newton vector, 6t, is directed toward the center of the ellipse. The
locus of the Marquardt search vector, 6M' is the twisted dotted curve segment '.
The appropriate selection of X will orient the 6M vector to penetrate the S(W)
A
contours toward the true minimum $, more deeply than either the 6 or 6 vectors.
The broad outline of the algorithm to estimate the nonlinear parameters is
clear. At the sth iteration, the equation
(A*s + XsI) 6s g* (117)
is constructed. This equation is then solved for 6-. Then.Equation (115) is used






Figure 42. S(W) Contours in a Hypothetical Two-Parameter Space (26)
It is essential to select X- such that
s()s+l < S(V)s (ll8)
It should be clear from the foregoing theory that a sufficiently large X- always
exists such that Equation (118) will be satisfied unless r- is already at a minimum
of S(O).
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:: :, -,,v,/* .OPTIMIZING THE SCALING FACTOR
The strategy for choosing X must seek to use as small a value of A, i.e., as
large a step 6M, as possible to accelerate the convergence. This is especially
pertinent in the later stages of the search procedure when the guesses are in the
immediate vicinity of the minimum, where the contours of S(C) are asymptotically
elliptical, and where the linear expansion of the model needs to be a good approxi-
mation over only a very small region. Under this condition the unmodified Taylor
series method will converge nicely.
A technique has been developed for estimating a value of X for substitution
into Equation (117) such that S(4) is locally minimal along the arc r of Fig. 42.
The analytic determination of A used in this thesis is similar to the method sug-
gested by Smith and Shanno (26). Selection of a search procedure for X is largely
a matter of personal preference, but a requisite for any search should be a control
T
to keep A away from its danger zone near zero when -J is nearly singular.
In formulating an initial guess for Al for each iteration, the condition number,
T
W, for the matrix -- was used as a control. It is defined as P = 1/p , where
T
61 and P are the largest and smallest eigenvalues of -T, respectively. Indicating
the iteration number by a superscript, and the sub-iteration number by a subscript,
s -f s T sthe initial guess A7 = 108 -, is near zero when (_-_) is well conditioned and
T S
one wants to move in the Gauss-Newton direction. But for (Jl) ill-conditioned,
s
the initial guess of X) is pulled away from zero.
Using this initial guess a search is performed to obtain the locally optimum
choice of the scaling factor at the sth iteration. This search simply involves
s
stepping in increments from the initial guess AT in the direction that decreases
the value of S( ). After computing two additional values of S()S- besides the
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S() for the initial guess, the ~ and S() values for Z = 1,2,3 are used in a
quadratic function to estimate the local minimum value of S(4) and the corresponding
value of the scaling factor. Using the parameters, 4, which gave the minimum value
of S($) for this iteration, a new iteration is begun by evaluating a new J matrix
at this new base point.
The'only restriction imposed on the value of X is that X > - p. Hence, for
T
a nonsingular T- matrix, one will allow a negative X if it will help find a low
value of S(4) and can safely do so since (J- + XI) is nonsingular in this range.
Practical considerations dictate special handling where X is indicated to be
large. Without some corrective measures, the steepest descent direction is
approached but with a vector length nearly zero. One can interpret a large X
as indicative that the steepest'descent direction is the best path to follow for
this particular iterative step. If X is such as to bring 6 within an angle of^.OM
7/6 of 6 , then'a vector '
= s[g/g(J )g] g (119)
is used instead. Since 6 = g, the search vector 6 is recognized as a scaled
- IY~
gradient vector. The scaling factor is the reciprocal of the Rayleigh quotient.
The determination of 6 is followed by a one-sided binary search of its path if
the sum of squared value does not decrease from the previous iteration. The binary
search is done by looking at fractional multiples of 6 for a better S()) value.
Two other circumstances lead to the use of the steepest descent direction as
an alternative to using the Marquardt vector on a given iteration. One is where
the condition number u is quite large, say 109 or greater, indicating an ill-
conditioned Ti-J matrix. The other is where the S(1) for X is greater than the S())
of the base point. This is interpreted as a danger signal; either S(Q) is a local
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maximum, or perhaps a local minimum for a different neighborhood. Both are possi-
bilities unless the contours of constant S(W) are globally convex. In either case,
the steepest descent direction is a safe way to move until the inequality reverses.
SEARCH CONVERGENCE
The search is converged when in successive iterations s, s+l,
s+1 s s (120)(s+l - s)/4 < X j = 1,2,...,p (120)
where X is some prespecified amount, e.g., 10- 4. The converged values of 0 are
termed the least square estimates of $. The progress of the search can be monitored
at each iteration by computing the estimated squared distance from ( to $. If the
T
eigenvalues of J- are denoted by
Smax = 1 2 >, >* p = min > 0 (121)
then the average value of the squared distance from ( to $ according to linear least
square theory is given by
2 P
E[L ] = W E (1/j. (122)
J=:l
The variance of the estimated distance when the error is normally distributed is
given by
P
VAR[L1] = 2o4 E (1/E )2 (123)
j=l
where (65)
a 2 = S(4)/(n - p). (124)
One of the basic assumptions of the least squares method is that the residuals
are independent and normally distributed. This assumption can be tested at the
completion of the search by computing the Chi-square statistic for the residuals.
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UNCERTAINTY IN THE ESTIMATED PARAMETERS
In the p-dimensional parameter space, the contours of constant S((), and hence
the likelihood contours, are a series of concentric ellipsoids (or hyperellipsoids)
centered about T. he contours indicate the way in which the likelihood 'falls off
as one moves away from ). If a dichotomy of likely and unlikely values is desired,
then one can choose a particular contour at a suitable level of likelihood and
regard all those points within the contour as likely, and those outside as unlikely.
The boundary of a region with confidence coefficient 1 - a in the parameter
space is formed by the values of 4 which satisfy the relationship (66, 67)
( - )T JTJ ( , _ -) = s2p F(pp ) (125)^,- -e - L o\a(p,n-p)
where F a(p, ) is the a percentage point of the F-distribution with p and n-p
degrees of freedom; s2 is an independent estimate of the error variance based on
n-p degrees of freedom, i.e., s2 = S()-/(n-p). The boundary of such a region is
a hyperellipsoid with a volume proportional to the square root of the reciprocal
of the determinant |i~J|. Thus, for a given value of F ( and s2 , the volume
will decrease as the value of the determinant increases. The variance-covariance
matrix for the parameters 4 is of the form (i)-) 1 2
All of the above statements hold exactly true for the linear regression case,
but unfortunately are only approximately true for the nonlinear case. When the
model is nonlinear, the contours of constant S(W) in the parameter space are often
elongated.
A measure of the nonlinearity of the regression function can be obtained by
comparing the relative magnitudes of the eigenvalues 1j of the correlation matrix
A*. In particular, the relative magnitude of the eigenvalues indicate the state
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of the conditioning of the likelihood surface, or the state of correlation between
the estimated parameters. Therefore, if the estimates are completely uncorrelated,
each Ej is unity and (59)
p
I S, = P. (126)
j=l
It is important to recognize that the effect of the very small eigenvalues is
to inflate the variance-covariance matrix. The effect of the small eigenvalues is
readily made apparent when the variance-covariance matrix is calculated by a gener-
T
alized inverse method from J-j where the rank r is sequentially reduced by dropping
the smallest eigenvalue. Thus, the generalized inverse of J-J is written
T
where S. is the eigenvector of J- corresponding to ~j (64).
Therefore, one must consider the degree of the nonlinearity when deciding if
linearized results provide acceptable approximations (68).
The exact confidence contour is defined by taking S(p) = constant, but since
one does not generally know the correct distribution properties of S( ) in the non-
linear case, one is unable to obtain a specified probability level. However, one
can choose a contour such that if the model is linear, it provides an exact ellip-
soidal 100(1-a)% boundary, and label it as an approximate 100(1-a)% linear confi-
dence contour in the nonlinear case.
In general, when a nonlinear regression equation is used, all the formulas
and analyses of linear regression theory can be applied. Any results obtained
are valid only to the extent that the linearized form provides a good approximation
to the nonlinear model.
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NOMENCLATURE FOR APPENDIX I
by T matrix o= E by p matrix of J-q
= scaled A matrix = matrix of correlation coefficients among the
= arbitrary p by p matrix
= estimated average value of squared distance from ( to c
= regression function
= a-percentage point of the F-distribution with p and n-p degrees
of freedom
= p by 1 gradient vector
= scaled g matrix
= index denoting the set of the experimental observations
= identity matrix
= index denoting the parameter
= n by p Jacobian matrix of partial derivatives
= index denoting the input variable
= subscript indicating the sub-iteration number
= the number of sets of experimental observations
= the number of unknown parameters
= rank of the matrix
= superscript indicating the iteration index
= estimated error variance
= sum of squares of the residuals
= eigenvector
= superscript indicating matrix transposition




















Y = response variable
r = locus of Marquardt's search vector
6 = increment vector
6 = steepest descent vector
6M = Marquardt's vector
6* = Marquardt's vector scaled~M
6 = Newton-Raphson vector
r-n
6R = scaled steepest descent vector
t6 = Gauss-Newton vector
V = del operator
E = residual
X = scaling factor
P = condition number
iE = eigenvalues
2 = error variance
iC = summation
= parameters
= value of the parameters at the minimum of S(O)
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A SIMPLIFIED DERIVATION OF CLUSTERING THEORY
FOR APPLICATION OF BINARY SYSTEMS
Consider for simplicity a two-component system with volume, V, temperature, T,
and chemical potentials, u1 and U2. For an open isothermal system whose thermo-
dynamic state is specified by the variables V, T, u1 and u2, the probability that
such a system contains N molecules and is in energy state E (N1, N 2, V) is
N1 N2
exp[-E (N1,N 2 V)/kT] Al1 X2
Pj(N1,N 2,V,T,P, 2 ) 
=
- -( ,,,T, 2) (128)
jE(Ni,N 2 ,V,T,pii42)
where
N = N1 + N2 (129)
5= =I Q(Nl,N 2,V,T)XNl XN2 (130)
N1,N2
and
lX = exp[pl/kT] X2 = exp[P 2/kT]. (131)
is called the "grand partition function" and is defined in the relationship
-= E exp[-E (N1 ,N2 ,V)/kT] exp[Nlpl/kT] exp[N 2p2/kT]
J,N
= E {exp[Nlpl/kT] exp[N2P 2 /kT] exp[-Ej(N,,N 2 ,V)/kT]}
N j
= I Q(N1,N2,V,T) exp[Nipi/kT] exp[N 2P2/kT]. (132)
NE,N2
If one substitutes Equation (128) into the relationship defining the entropy of
mixing




S = E/T - Nlpl/T - N2p2/T + k n I
E = E P (N) EJ(N1,N 2, V).
J,N
From classical thermodynamics one can obtain the relationship
S = E/T - Nlpl/T - N2P2/T + pV/T.
pV = kT In H (N1,N2,V,T,pl,12). (137)
Equation (137) is recognized as an equation of state for the system in terms of the
grand partition function.
The next portion of this derivation will concern the application of the
partition function to reduce a many-body problem in statistical mechanics to
body, two-body, etc., problem.
grand
a one-
The grand partition function is most conveniently used as a power series in the
absolute activity Al and X2 , i.e.,
5 (N1,N2,V,T,Xl,X 2) = exp[pV/kT] =
N1 2 N1N2 1 N2Nj!,N2>O0
N 1 + l 1,N2 2
(138)
In Equation (138), we have put Qo
state with energy E = 0.
= 1 since when N 1, N2 = 0 the system has only one
The partition function Q is defined by the relationship









The Hamiltonian expression for the external energy is
N
H = 2m ( + P + p ) + U (r , r (140)i T]M Xl yl zi i.
where U is the potential energy of interaction of all the pairs of molecules present
and the p's represent the momenta terms.
Substituting Equation (140) into Equation (139) and carrying out the momenta
integrations, one obtains the result
.N N 1/(NiI N2! AN A1 (141)Q 1,N2 NN 1 2Z(
where
A1 = h/(2rmikT) 
/ 2 A2 = h/(27rm2 kT) /2 (142)
and
ZN1N ... exp[-UN1 N/kT] d[N1 d[N 2] (143)
where d[N 1] means drl ... drN for Species 1, etc., and ZNN is the so-called
"configuration integral." Equation (143) involves a very complicated 3N-fold inte-
gration which in general cannot be solved.
As already mentioned, the potential energy U is the sum of the potentials due
to the interaction of molecular pairs. That is,
U(rl, ..., rN) = u(r i) (144)
where u(ri,) is the potential energy of interaction between molecules i and j as a
function of the distance r.j between the molecules.
If one introduces the function f. which is defined by
- ij




exp[-U/kT] = exp[-E u(r )/kT] = n exp[-u(r )/kT] . (146)
ij ij
If this product is multiplied out, one has
exp[-U/kT] = (1 + fi) = 1 + fij + E fiJ fk + .. (147)
By introducing the f functions, the effects of the intermolecular forces are more
clearly exposed. In the absence of intermolecular forces (i.e., a perfect gas) all
the f's are zero, and only the leading term on the right-hand side of Equation (147)
remains. In this case, Z = V-. In each configuration ri ... rN of the N molecules,
the f's represent the contribution to exp[-U/kT] of the nonzero intermolecular forces.
In general, f(ri) is zero except when rij is small, i.e., of the order of several
molecular diameters or less.
In Equation (147), there is a term corresponding to each possible combination
from zero to all N(N-1)/2 f's. Any such term may be represented by a diagram con-
sisting of circles for the molecules and a line segment between the ith and Jth
molecule for each factor fi which occurs as a term. See Fig. 43.
~ a
Figure 43. Clusters of Three Molecules
There are, in general, many ways in which any given set of molecules may be
connected together into a cluster. For example, a set of three molecules may be
connected into a cluster in four ways.
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The cluster sum S . is defined as the sum of all terms which connect in
-i ,j ,k..
a cluster each of the molecules i, J, k..., no other molecules being connected to
this cluster. For example,
S1,2 , 3
= fl,2 f2,3 + fl,2 fl, 3 + fl,3 f2 ,3 + fl,2 fl,3 f 2 , 3 . (148)
Also, S1,2 = f1 2 and the unit cluster is defined as Si = 1.
Consider now, a product of S. ,,,'s such that in the product each molecule
occurs once and only once as a subscript. Thus, to include every term in Equation
(147), one must take the sum of all possible different products of the S 's,
each product containing every molecule once and only once as a subscript. Each
such product corresponds to a different possible division of the N molecules into
groups or clusters.
The cluster integrals, b,, are defined as
b (V,T) = (1/ZIV) /...f Si 2,..., dri,dr2 ,... ,dr (149)
or




The summation is taken over all the products of the fi terms for connected pairs
of molecules that can take part in a cluster of the same Z molecules. The 1/_!V
in Equations (149) and (150) is introduced for normalization purposes; this makes
the cluster integral have the dimension of V- , where V is the volume of the whole
system.
For z = 1, the cluster integral is
bi = (1/V) f dri = 1
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which.is equal to unity, since integration over the coordinates of the molecules
gives simply the volume of the containing vessel.
The cluster integral for k = 2 is
b2 = (1/2V) ff fl, 2 drl dr2
= (1/2V) ff (exp[-u(rl2)/kT] - 1) drl dr2. (152)
The definition of S ,... depends only on the coordinates of the molecules
appearing as subscripts. Therefore, the multiple integral over all coordinates
of a product of these S's is merely the product of the integrals of the several S's.
In general, a product of the S's which represents ml unit clusters, m2 clusters of
two molecules, ... , mn clusters of k molecules, yields an integral over drl ... drN
of
mM
I = (llVbl)ml ( 2 1Vb2)m 2 ... (Vb) (153)
The question now arises, how many Si products out of all possible Si
products yield.the result in Equation (153)? That is, in how many different ways
can N molecules be divided into groups or clusters so thai there are mi unit clusters,
m2 clusters of two molecules, ... mLn clusters of k molecules. It can be shown that
N m
Nl/ H (21) m1! (154)
=1l -
is the possible number of cluster arrangements.
The product of Equation (153) and (154) is the contribution to the integral in
Equation (143) owing to all the terms in Equation (147) associated with those
products of S 's which represent the cluster partition mi, m2, ... , m. This-ijk -- '2
contribution to Z is
N m
NI n .[(Vb,) /(M1k)]. (155)
* =l
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There will be a contribution of this form to Z for each different set of positive
integers ml, m2, ... mn, consistent with the condition k _mr = N. Hence, one can
write
ZN = N I {(Vb) ~/(M!)}1 (156)
and
Q = (l/A 3) n {(Vb) /(mI) (157)
m =l
Equation (157) is now in a form which is much more convenient to work with than Q
as defined in Equation:(139).
This part of the derivation is concluded with a few remarks concerning clusters
and cluster integrals. Let us imagine that in Equation (150) for t small compared
to V/r3 , where r is of the order of a molecular diameter, we keep the kth molecule-o
fixed at some point r, and carry out the integrations over rl, r2, ... , r_ 1 Since
each f. is nonzero only when r. is less than a few molecular diameters, each
-iJ -iJ
product of f's in S is nonzero only when all rj's corresponding to the
f's in the product are small. Since the . molecules are connected to each other
directly or indirectly in every product of f's in S S is nonzero
- -1,2,..., -1 2, ..
only in those regions of the configurational space where molecules 1,2,...,_ are
rather close together. This is the origin of the term "cluster.." The reader will
note that the clustering theory derivation since Equation (143) has considered a
one-component system for simplicity.
Consider now the use of the grand partition function to obtain the expansion
of p/kT in powers of the activity.
N 1 N 2
'(N 1,N 2,V,T,X 1 ,X 2 ) = exp[pV/kT] = QN N2(V,T) 1 2
N ,! N2>0O
N.1 N2




zi = Xi/A 3
1
X2 = exp[1 2 /kT]
Z2 = X2/A3
where X is the absolute activity and z the activity.
Let us digress briefly to discuss.the activity, z. For an infinitely dilute
(perfect) gas,
P/RT = in A3 + ln(N/V) as N/V -- 0.
If we define an active number density or activity, z, which bears the same relation
to l at any density that N/V does as N/V+0, then
P/RT = in A3 + in z
`
(162)
(163)lim z = N/V.
N/V-+O
This is seen to be the same z as in Equation (160). It should be noted that the.
fugacity, f, of chemical thermodynamics is defined by
P/RT = ln(A3/RT) + in p as p -* 0
p/RT = ln(A3/RT) + in f
(164)
(165)
(166)lim f = p.
p+O








Returning now to Equation (158)
-(N1,N2,V,T,X1,X 2) = exp[pV/kT] = 1 + I (ZN1 (Nl !N2 0)] zN1 N2 (167)
N1 ,N2>1 ( N,N 2/( 1 2
since when N = 0, the system has only one state.
After taking the logarithm of both sides of Equation (167), expanding the log-
arithm on the right, and dividing by V, one obtains an expression for p in powers
of z:*
+Z 1 + + Q2 ,1 ZO ,2 2
P/kT =z + z 1 + 2 + .V z 1 Z2-zz~2+ ~- z +
(168)
Comparing the coefficients of the power series in Equation (168) with the relation-
ship developed in Equation (156), it becomes apparent that
blo, = b 0 , 1 = 1 b2 0 = 2v, -
z,, 1IV"('2 -
,b i= -V b o = 2= -
1,1 V b 2 V
(169)
(170)
therefore the power series can be rewritten as follows
2 2
p/kT = b, 0o i1 + b 0, 1 z2 + b 2 , 0 zl + b1, 1 z1 z 2 + b0 ,2 z 2 + ''' (171)
in terms of the cluster integrals and activities.
All of the theory up to Equation (171) is essentially a simplified version of
the classical paper presented by Mayer and McMillan (28). A later version of the
theory was developed by Kirkwood and Buff (29) employing the more recent development
of molecular distribution functions. Additional background material is available in
the following texts (69-72).
*Note: n(l-x) x - 2 + 13 -*Note: ln(1-x) = ''x - Fx + _x ... = x- x2
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Turning now to the work of Zimm ('30), a relationship is derived for the chemical
potential, compressibility, and one of the clustering integrals of a binary mixture.
From the power series in Equation (171) for pressure, p, in terms of the activity,
z, one may identify the coefficients by developing a corresponding Taylor series.
The Taylor series for (_zlsz2) is*
p(:Z + x,Z2 + y) = p(zl,z 2 ) + x a( zl)+ y p(zz 2)aZ1 x z2
x 2 a2p(z , 2 )+ + (z 2) 2p(zlz2) + ... (172)
21 322z 21 az1 DZ2 21 23z2
Comparing the Taylor series of Equation (172) with Equation (171), it is obvious that
kT b2,0 = 1 z (173)
~Xix/z 2,T
Equation (173) can be rearranged to the following form
2b2 ,0 (2 a) (174)
21 k z lz2 ,T
where the increment x is defined as zl/cl, and c. is the bulk molecular concentration
of Species i.
c <N)Av/V. (175)
*Note: Taylor series for a function of two variables:
f(a+h, b+k) = f(a,b) + (h *a + k a) f(x,y) =
y=b
+ n1 ax k f(x,y)=a
y=b
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In order to better understand the meaning of the cluster integrals, the paper
of Kirkwood and Buff (29) will be cited in detail.. They defined the molecular pair
distribution function, F2(i,J) by the statement that,. . . .
(1/V2 ) F2 (i,j) d(i) d(j) (176)
is the probability that the molecular Species i and j are each at the positions
specified by the coordinates i,j in the range of the coordinates d(i) and d(1).
The cluster integral, Gll, is defined by
Gi= (1/V) ff [F2(i,j) - 1] d(i) d(j) (177)
where i and J are now the same component of the binary mixture. A relationship was
derived between the radial distribution function F 2(i,j) and the density fluctua-
tions,
Gij= i3ANv < AvM c. (178)
1. KNiAv ' j>Av c.
where 6ij is the Kronecker delta function which equals unity for i = J, and equals
zero for i . .
It can be shown that Gll/vl is equal to minus one molecular volume, vl, when
pecies 1 is randomly distributed in the system. Obviously, values of Gll/vl
greater than minus one molecular volume indicate clustering; values less than minus
one molecular volume indicate an exclusion of volume for the Species 1 molecules.
Letting 1i represent the volume fraction of molecular pecies 1; it can be shown
that 4 1G-l/vl is equal to the mean number of.Type 1 molecules in excess.of the mean
concentration of Type 1 molecules in the neighborhood of a given Type 1 molecule.
Thus, 1 G1 1l/vl measures the clustering tendency of the Type 1 molecules. Also
it should be obvious from Equation (177) and Equation (152) that 2b2 ,0 = Gll.
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Returning to Equation (174)
2
1= = l (179)
262, G kT 2l 2/z 2 T
in this equation, cl is the molecular concentration N 1/V, of Component 1. The
activity z is related to the chemical potential p by the relation-x x
= kT ln(zx/zx) (180)
with z a constant.
-xo
One may use the equation of differential calculus
dc"1-= dp ( d (181)
giving
D p apcN 2 1/N2 -12)p iN/N2 (182)
and the classical thermodynamic equation for the Gibbs free energy, G,
dG = d(plNi + p2N2 ) = Vdp + pldNi + P2dN2 - SdT (183)
with the corollaries
__3 -V2 
= (v'S2N) V2 (184)
3 ^N 1 ,N 2 ,T P N 1 /N 2 ,T T,N (184)
and
= - = c2 (185)
\W 2p.T Ni cl
the latter being the Gibbs-Duhem equation. With these relations, Equation (179) may
be transformed into the form
G = kT (c) -1. (186)
^PTte
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Substituting Equation (182) into Equation (186) :
Glcl := kT (N L(/Nc ) (,T )/N 1 (187)
LP IN/N2 ,T ( 12p T a N1 /N 2 ,TJ
noting that since c_ = N /V
(Xj) --^(a) (188)
pN /N2,T 2 aT
and
G = kTF[- (V) (|-) V2 -1 . (189).
v T p,T
rearranging
Gllcl = kT [ l( N) -V 2 ( )c -1. (190)
Using the definition of isothermal compressibility, i.e., K = -( lnV/pa)T and the
Gibbs-Duhem relationship, one obtains
Gl kT= + V2C21 \ - (191)
VI 2 v c2 (ac 2 V 1 'vx V1  TS . (191)
For many systems the compressibility is small so that this term may be neglected
in Equation (191). With the neglect of this term, and after the introduction of the
volume fractions
:x= cv. (192)
Equation (191) may be written simply in the form below.
Gll/vl = kT (F2/¢1) (0 ln1/i/l)p) T - 1/¢1. (193)
Using. Equation (180) and assuming the additivity of volumes, i.e., 1l + -2 = i,
Eq.uation (193) can be changed to the form
G l/vI = -<2 (a(z 1 /l)/3zl)p,T - 1. (194)
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It can be seen that the cluster integral is exactly minus one molecular volume
for any incompressible system in which the activity is proportional to the volume
fraction. On the other hand, the integral is large and positive, indicating the
presence of large clusters of molecules in the system, where the activity varies
little with the volume fraction.
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NOMENCLATURE FOR APPENDIX III
b = cluster integral
c. = bulk molecular concentration of Species i
E = total energy
E = energy state
f. = defined in text
-_i
F 2 = molecular pair distribution function
- 2 ij
G = Gibbs free energy
G11 = cluster integral
h = Planck's constant
H = Hamiltonian expression for external energy
I = product of the cluster sums
k = Boltznann's constant
mr = mass of the molecule; number of clusters of _ molecules




Q = partition function
ri = distance between molecules
S = entropy
Si .... = cluster sum
-iJk.
T = temperature
u(r.i) = potential energy of interaction between molecules
U = potential energy
v. = partial molecular volume of Species i





Z = configuration integral
6. = Kronecker delta
K = isothermal compressibility
A = defined in text
pi = chemical potential of molecular Species i
= grand partition function
= volume fraction of molecular Species i
f = integral operator
in = natural logarithm











































Slope = -0.3784 pg./torr.






































Slope = -0.4520 pg./torr.
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TABLE XXVI (Continued)
































Slope = -0.4179 pg./torr.



































Slope = 0.1708 Pg./torr.
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TABLE XXVII
ARGON THERMOMOLECULAR FLOW CORRECTION DATA

























































































NITROGEN THERMOMOLECULAR FLOW CORRECTION DATA













































aRefer to pressure gage calibration table to convert pressure gage units to torr.
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TABLE XXVII (Continued)
CFC1 3 THERMOMOLECULAR FLOW CORRECTION DATA




























































































































































































































aRefer to pressure gage calibration table
to convert pressure gage units to torr.
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TABLE XXVIII
















































ADSORBENT SAMPLE PREPARATION PROCEDURES
HOLOCELLULOSE PREPARATION PROCEDURE
A holocellulose pulp was prepared from black spruce (Picea mariana) chips using
a modified chlorite method. The chips were cut by hand to approximate dimensions of
2 x 2 x 0.1 cm. from 2-cm. thick disks cut from a black spruce log.
All of the chips were extracted for 4 hours in a Soxhlet extractor with a
chloroform-ethanol (10:1) mixture. Eleven hundred ml. of extraction solvent were
used for each 150 grams of chips. After the solvent extraction, the chips were
solvent exchanged to water.
The holopulping was accomplished over a 50-hour period by a chlorite treatment
at 50°C. (43). The chips (300 g.) were placed in a solution (2.5 liters) contain-
ing sodium chlorite (45 g.) adjusted to pH 4 with acetic acid. A trace of formic
acid was added to hasten formation of chlorine dioxide. When the sodium chlorite
was consumed, fresh chlorite was added. Four changes of chlorite were required at
12-hour intervals.
After completing the pulping, each 200 grams of pulp was washed by filtering
with approximately 6 liters of distilled water. The holocellulose was readily
dispersed into fibers by soaking in 0.1N sodium hydroxide for 12 hours, and then
beating in an Osterizer for 1 min. (43).
At the conclusion of the beating operation, the foamy mass was filtered and
resuspended in water adjusted to pH 4 with acetic acid.
Finally, the holocellulose was washed and screened thoroughly using a vibrating
flatbox screen. The shives were rejected in the screening operation. The screened
-231-
pulp was dewatered to approximately 20% consistency using a centrifuge, and stored
in a refrigerated area.
ALKALI-EXTRACTED HOLOCELLULOSE PREPARATION PROCEDURE
The alkali-extracted holocellulose was prepared from the holocellulose pulp
by extraction in 4% NaOH at a consistency of approximately 1.4% for 18 hours at
0°C. under an evacuated atmosphere. At the completion of this 18-hour period, the
pulp was washed in distilled water. The pulp was then alternatively extracted and
washed two more times using the same conditions. Finally, the pulp was neutralized
to pH 6 using acetic acid, and allowed to stand two hours before washing exhaus-
tively with distilled water. The extracted pulp was dewatered to approximately
20% consistency and stored in a refrigerated area.
ACID-HYDROLYZED HOLOCELLULOSE PREPARATION PROCEDURE
The acid-hydrolyzed holocellulose was prepared from the alkali-extracted holo-
cellulose by an acid hydrolysis at 1.3% consistency in 2.5N HC1 boiling at 105°C.
The acid hydrolysis was carried out in a 2000-ml. three-necked flask heated by
means of a mantle. A steady stream of nitrogen gas was admitted through one opening
of the three-necked flask for the purpose of keeping the temperature of the acid
uniform, eliminating bumping, and excluding oxygen from the hydrolyzing medium.
The cellulose was left in the boiling HC1 solution for 30 minutes. Upon completion
of the hydrolysis, the cellulose was washed repeatedly with distilled water, dilute
NH40H (1%), and more distilled water until acid free.
In order to separate the hydrolysis residue into microcrystallites, the cellu-
lose was subjected to the vigorous mixing of a Waring Blendor at a consistency of
5% for 1 hour. Finally, the acid-hydrolyzed holocellulose was filtered, frozen
in liquid nitrogen, and then freeze dried.
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APPENDIX VI





























































Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.















































































































































Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
Specific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE XXX





UM ed .a n = 1.36 + 0.06 a kcal. mole-'
Mean = 1.43 kcal. mole-
Mode = 1.25 kcal. mole-1
Y = 5.5 + 1.3
V = 0.31 ± 0.04 ml. (S.T]P.') g.
v = 2.19 + 1.04 x 10 12 sec. -
2a/B (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 1030 erg cm. 2 molecule - 2
= 13.6 A. 2 molecule 1
Thermodynamic Data
ASt r = -0.0103 kcal. mole 1 deg.1
-S
ASrot = 0.0 kcal. mole - 1 deg.- 1
AS = 0.0015 kcal. mole - 1 deg. 1
AEkin = -'.0770 kcal. mole - 1
A. = 0.13476 x 107






















Adsorptive Potential Distribution for Argon Adsorption
on Holocellulose at 77.5°K v
8
PRESSURE, torr. (x 10 )
Multilayer Adsorption Model Fitted to the Argon Holo-







































































Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.






















































































UMedian = 1.44 + 0 .4 2 a kcal. mole-1
Uan = 1.50 kcal. mole - 1
_Mode = 1.32 kcal. mole-1
y = 5.8 + 10.4
v = 0.14 + 0.25 ml. (S.T.P.) g.-1
v = 2.19 + 17.3 x 10 2 sec.- 1
2a/S (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 10-30 erg cm.2 molecule- 2
= 13.6 A.2 molecule-
Thermodynamic Data
ASt = -0.0104 kcal. mole- 1 deg. - I
-s
AS ro t = 0.0 kcal. mole- 1 deg.- 1
ASi = 0.0018 kcal. mole 1 deg.-
AEkin = -0.0895 kcal. mole - 1
0
A = 0.15766 x 107










Adsorptive Potential Distribution for Argon Adsorption
on Holocellulose at 90.1 ° K
,^ X
x ^ ^ Xx




PRESSURE, torr. (x 10t)
Multilayer Adsorption Model Fitted to the Argon











RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





UMedian = 1.44 0.34a kcal. mole-
UMean =1.50 kcal. mole - 1
UMode = 1.32 kcal. mole -
y = 5.8 + 6.7
V = 0.13 + 0.07 ml. (S.T.P.) g. 1
v = 1.86 x 1012 sec. - 1 (Calculated from the median adsorptive potential)
2a/$ (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 10 3 0 erg cm.2 molecule' 2
B = 13.6 A. 2 molecule
Thermodynamic Data
AS = -0.0104 kcal. mole - 1 deg.- 1
-s
AS = 0.0 kcal. mole- 1 deg.
AS = 0.0021 kcal. mole 1 deg.~1
AEk i = -0.0895 kcal. mole 1
0
A = 0.14395 x l07


















2 4 6 8 10
ADSORPTIVE POTENTIAL, kcol./mole
Adsorptive Potential Distribution for Argon Adsorp-
tion on Holocellulose at 90.1°K







PRESSURE, torr. (x 10I)
Multilayer Adsorption Model Fitted to the Argon
Holocellulose Adsorption Data at 90.1°K with the






Adsorbent: Alkali Extracted Holocellulose
Sample Mass: 0.52229 g.


































































aPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.





















































































RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA




UMedian = 1.29 ± 0 .0 2a kcal. mole
-
UMean = 1.31 kcal. mole - 1
UMode = 1.23 kcal. mole - 1
y = 12.1 ± 2.3
V = 0.35 + 0.04 ml. (S.T:P.) .-
v = 0.74 ± 0.16 x 1012 sec.- 1
2a/6 (Ideal) = 1.002 kcal. mole - '
a = 47.4 x 10-30 erg cm. 2 molecule - 2
B = 13.6 A. 2 molecule - 1
Thermodynamic Data
tr deg.1AS = -0.0103 kcal. mole 1 deg.
-S
AS ° = 0.0 kcal. mole-1 deg.-1
ASvib = 0.0036 kcal. mole - 1 deg. - 1
AEkin = -0.0770 kcal. mole- 1
A = 0.66748 x 106




Adsorptive Potential Distribution for Argon Adsorption
















PRESSURE, torr. (n 101)
8 102
Multilayer Adsorption Model Fitted to the Argon

















Adsorbent: Alkali Extracted Holocellulose

































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.




























































Median 1.29 ± 0.37 kcal. mole - 1
UMean = 1.32 kcal. mole - 1
UMode = 1.23 kcal. mole- 1
Y = 10.4 ± 4.1
V = 0.38 + 0.38 ml. (S.T.P.) g.-
= 2.16 +± 15.8 x 1012 sec.-1
2a/6 (Ideal) = 1.002 kcal. mole- 1
a = 47.4 x 10-30 erg cm.2 molecule- 2
0 = 13.6 A. 2 molecule - 1
Thermodynamic Data
AS = -0.0104 kcal. mole-1 deg.-
-s
AS = 0.0 kcal. mole- 1 deg. - l
ASv ib = 0.0018 kcal. mole-1 deg.-
AEk in = -0.0895 kcal. mole - 1
0
A = 0.16197 x 107





















Adsorptive Potential Distribution for Argon









8 16 24 32 40
PRESSURE, torr. (x 10 )
Multilayer Adsorption Model Fitted to the Argon
Alkali-Extracted Holocellulose Adsorption Data
at 90.1°K
I
1 1 I I !
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TABLE XXXVIII
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





Median = 1.28 x 009a kcal. mole - 1
UMea n =1.31 kcal. mole -
UMode = 1.22 kcal. mole - 1
Y = 10.5 + 4.4
V = 0.36 ± 0.08 ml. (S.T:P.) g.-1
v = 1.76 x 1012 sec. - (Calculated from the median adsorptive potential)
2a/B (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 10-30 erg cm. 2 molecule - 2
B = 13.6 A. 2 molecule 1
Thermodynamic Data
AS t r = -0.0104 kcal. mole- .deg.-1
-s
AS = 0.0 kcal. mole - 1 deg. -
AS = 0.0022 kcal. mole - 1 deg. - 1
AEin = -0.0895 kcal. mole-1
0
A = 0.13811 x 107



















Adsorptive Potential Distribution for Argon Adsorption on






8 16 24 32 40
PRESSURE, torr. (x 10')
Multilayer Adsorption Model Fitted to the Argon Alkali-
Extracted Holocellulose Adsorption Data at 90.1°K with
the Vibrational Frequency Eliminated as an Unknown
Parameter
I





































aPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.









































































































































UMedian = 1.36 ± 0.0 2a kcal. mole-'
UMean = 1.40 kcal. mole 1
UMde = 1.27 kcal. mole-'
Y = 7.4 ± 0.8
Vs = 1.39 + 0.07 ml. (S.T.P;) g.1
v = 2.2 6 + 0.5 8 x 1012 sec. - 1
2a/6 (Ideal) = 1.002 kcal. mole -
a= 47.4 x 10-30 erg cm.2 molecule- 2
B = 13.6 A.2 molecule 1
Thermodynamic Data
AS = -0.0103 kcal. mole-1 deg.--s
rot -1 deg.AS ° = 0.0 kcal. mole deg
AS i = 0.0015 kcal. mole 1 deg.1
AEkin = -0.0770 kcal. mole-1
A = 0.13691 x 107













Adsorptive Potential Distribution for Argon Adsorption






















4 6 8 10
PRESSURE, forr. (x 101)
Adsorption Model Fitted to the Argon Acid-
Holocellulose Adsorption Data at 77.5°K
81









































































































aPressure corrected for thermal transpiration.
bData corrected for buoyancy and thermomolecular flow effect.





































































































pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
CSpecific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE XLII





UMedian = 1.30 + 0. a kcal. mole-'
UMean = 1.36 kcal. mole-1
UM o de = 1.19 kcal. mole"
Y = 5.5 + 2.1
v = 1.30 + 0.74 ml. (S.T.P.) g.-
v = 2.26 + 5.48 x 1012 sec.-1
2a/B (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 10-30 erg cm. 2 molecule - 2
= 13.6 A.2 molecule 1
Thermodynamic Data
ASt r = -0.0104 kcal. mole- deg.-
-s
ASrot = 0.0 kcal. mole 1 deg. 1
ASv = 0.0017 kcal. mole 1 deg. 1
AEkin = -0.0895 kcal. mole-'
A = 0.16043 x 107 = 0.16043 x 10'









Adsorptive Potential Distribution' for Argon Adsorption










PRESSUREo, torr. (n I01)
Adsorption Model Fitted to the Argon Acid-




RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





UMedian = 1.30 ± 0.10 a kcal. mole-
UMean = 1.36 kcal. mole1l
UMode = 1.19 kcal. mole - 1
y = 5.6 ± 1.6
Vy = 1.24 ± 0.22 ml. (S.T.P.) g. 1
v = 1.77 x 1012 sec.- 1 (Calculated from the median adsorptive potential)
2a/8 (Ideal) = 1.002 kcal. mole - 1
a = 47.4 x 10 - 3 0 erg cm. 2 molecule - 2
= 13.6 A. 2 molecule 1
Thermodynamic Data
AS = -0.0104 kcal. mole 1 deg.-1
-S
ASrot = 0.0 kcal. mole 1 deg. 1
AS i b = 0.0022 kcal. mole 1 deg.~1
AEkin -0.0895 kcal. mole-
0
A = 0.13983 x 107







0 2 4 6 8 10
ADSORPTIVE POTENTIAL,. kcal/mole
Figure 60. Adsorptive Potential Distribution for Argon Adsorption











PRESSURE, torr. (K 10)
Multilayer Adsorption Model Fitted to the Argon Acid-
Hydrolyzed Holocellulose Adsorption Data at 90.1°K with




RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA
Adsorbent: Acid-Hydrolyzed Holocellulose
Adsorbate: Argon
Temperature: 77.5 and 90.1°K
Model Parameters
UMedian = 1.34 ± 0.108 kcal. mole- 1
UMean = 1.38 kcal. mole - 1
UMode = 1.25 kcal. mole-.
Y = 7.5 + 2.9
V = 1.37 + 0.32 ml. (S'.TIP;.) g.
v = 2.31 + 1.89 x 1012 sec.-i
2a/S (Ideal) = 1.002 kcal. mole- 1
t = 47.4 x 10 T30 erg cm.2 molecule- 2
= 13.6 A.2 molecule -
Thermodynamic Data
AStr = -0.0104 kcal. mole - 1 deg.-
-s
rot deg.-'
AS = 0.0 kcal. mole deg.
AS vi = 0.0017 kcal. mole - 1 deg. - 1
AEkin = -0.0895 kcal. mole-1
A (:77.5°K) = 0.13862 x 107
A (90.1°K) = 0.16276 x 107














Adsorptive Potential Distribution for Argon Adsorption





PRESSURE, torr. (a 101)
Multilayer Adsorption Model Fitted Simultaneously to the
Argon Acid-Hydrolyzed Holocellulose Adsorption Data at








































































pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.


































































































Med i an = 1.81 + 19.1 a kcal. mole- 1
UMean = 1.94 kcal. mole- 1
UMode = 1.57 kcal. mole- 1
Y = 3.5 ± 54.1
V = 0.25 + 0.37 ml. (S.T.P.) g.-
= 1.38 + 340.17 x 1012 sec.-1
2a/$ (Ideal) = 0.849 kcal. mole-'
a = 45.0 x 10-30 erg cm.2 molecule- 2
B = 17.1 A.2 molecule- 1
Fraction of Nitrogen Molecules in Flat Position = 1.0
Thermodynamic Data
AStr = -0.0099 kcal. mole-1 deg.-1
-S
AS = -0.0054 kcal. mole-1 deg. 1
AS i = 0.0047 kcal. mole- 1 deg.-
AEk in = 0.1540 kcal. mole- 1
0
A = 0.36171 x 107


















Adsorptive Potential Distribution for Nitrogen Adsorption
on Holocellulose at 7705°K
x x KX -. * F x
x x
PRESSURE, torr. (x 101)
Figure 65. Multilayer Adsorption Model Fitted to the Nitrogen Holo-
cellulose Adsorption Data at 77.5°K
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TABLE XLVII
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





UMedian = 1.81 + 1.10a kcal. mole-'
UMean 1.94 kcal. mole-'
UMode = 1.57 kcal. mole- 1
y = 3.5 ±+8.3
Vi = 0.25 + 0.88 ml. (S.T.P.) g.-1
v = 2.56 x 1012 sec. - (Calculated from the median adsorptive potential)
2a/0 (Ideal) = 0.849 kcal. mole - 1
a = 45.0 ± 71.6 x lO-30 erg cm. 2 molecule- 2
= 17.1 A.2 molecule-
Thermodynamic Data
AStr = -0.0099 kcal. mole i deg.-1
-S
ASr o t = -0.0054 kcal. mole - 1 deg.- I
ASvi b = 0.0019 kcal. mole- 1 deg. - 1
AEkin = 0.1540 kcal. mole- 1
0
A = 0.81468 x l07
























Adsorptive Potential Distribution for Nitrogen Adsorption





PRESSURE, torr. (x 101)
Multilayer Adsorption Model Fitted to the Nitrogen Holo-
cellulose Adsorption Data at 77.5°K with the Vibrational


















































aPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.








































































































UMedian = 1.40 ± 0.34a kcal. mole-'
UMean = 1.46 kcal. mole-
UMode = 1.28 kcal. mole- 1
Y = 5.7 ± 2.6
V = 0.33 + 0.24 ml. (S.T.P.) g.--*
v = 0.78 ± 2.35 x 1012 sec.-1
2at/ (Ideal) = 0.849 kcal. mole-1
a.= 45.245 x 10~30 erg cm.2 molecule- 2
B = 16.943 A.2 molecule- 1
Fraction of Nitrogen Molecules in Flat Position = 0.9673
Thermodynamic Data
AS r = -0.0099 kcal. mole - 1 deg. - 1-s
AS t = -0.0052 kcal. mole 1.deg.-
ASv i = 0.0068 kcal. mole-1 deg. 1
AEkin = 0.1515 kcal. mole 1-
= 0 .15645 x 10A = 0.15645 x 107




















Adsorptive Potential Distribution for Ni'trogen Adsorption
on Alkali-Extracted Holocellulose at 77.5°K
X
PRESSURE, torr. (A 101)
Multilayer Adsorption Model Fitted to the Nitrogen




RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





UMedian = 1.56 + 0 .0 6 kcal. mole-
UMea n = 1.60 kcal. mole-1
Mode = 1.47 kcal. mole-'
y = 9.4 ± 4.0
Vg = 0.25 ± 0.06 ml. (S'.T.P.) g.-
v = 2.38 x 1012 sec. - (Calculated from the median adsorptive potential)
2a/8 (Ideal) = 0.849 kcal. mole- 1
= 49.3 + 1.2 x 10-30 erg cm.2 molecule-2
= 14.4 A.2 molecule -
Thermodynamic Data
AS = -0.0099 kcal. mole- 1 deg.-1
-s
ASro = -0.0023 kcal. mole-1 deg.-1
ASvi = 0.0020 kcal. mole- 1 deg.- 1
AEkin = 0.1100 kcal. mole- 1
0
A = 0.25617 x 107


















Adsorptive Potential Distribution for Nitrogen Adsorption










lorr. (N 101 )
Multilayer Adsorption Model Fitted to the Nitrogen Alkali-
Extracted Holocellulose Adsorption Data at 77.5 ° K with the






























































&Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.


























































































































M edian = 1.56 0.4 kcal. mole - 1
UMean = 162 kcal. mole-1
uMode = 1.43 kcal. mole - l
Y = 5.8 + 1.73
v = 1.18 ± 0.38 ml. '(S.T'.P;.) g.-
v = 1.19 + 3.26 x 1012 sec.-1
2a/6 (Ideal) = 0.849 kcal. mole- 1
a = 45.0 x 10-30 erg cm.2 molecule- 2
S = 17.1 A.2 molecule- 1
Fraction of Nitrogen Molecules in Flat Position = 1.0
Thermodynamic Data
tr
AS = -0.0099 kcal. mole - 1 deg. --s
rot -1 deg.-'
AS r = -0.0054 kcal. mole 1 deg.
vib deg-IAS = 0.0053 kcal. mole1 deg.
AEkin = 0.1540 kcal. mole - 1
A = 0.29937 x 107






















Adsorptive Potential Distribution for NItrogen Adsorption
on Acid-Hydrolyzed Holocellulose at 77,5 °K
I;
PRESSURE, torr. (x 101)
Multilayer Adsorption Model Fitted to the Nitrogen




RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





Median = 1.65 ± 0. 0 5a kcal. mole - 1
UMean = 1.71 kcal. mole-1
UMode = 1.54 kcal. mole - 1
Y = 7.4 + 0.8
V = 1.02 ± 0.13 ml. (S.T.P.) g.-1
v = 2.45 x 1012 sec. - (Calculated from the median adsorptive potential)
2a/6 (Ideal) = 0.849 kcal. mole - 1
a 47.3 ± 2.2 x 10-30 erg cm.2 molecule - 2
= 15.6 A. 2 molecule - 1
Thermodynamic Data
AStr = -0.0099 kcal. mole - 1 deg. - l
-s
AS = -0.0037 kcal. mole- deg.-1
AS = 0.0023 kcal. mole deg.
AEk in = 0.1298 kcal. mole
0
A = 0.39730 x 10?
















Adsorptive Potential Distribution for Nitrogen Adsorp-
tion on Acid-Hydrolyzed Holocellulose at 77.5°K
x-x- Y-XJ
8 12
PRESSURE, torr. (x 10')
Figure 75. Multilayer Adsorption Model Fitted to the Nitrogen
Acid-Hydrolyzed Holocellulose Adsorption Data at
77.5°K with the Vibrational Frequency Eliminated













































































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.












































UMedian = 3.21 ± 9 .7 1 a kcal. mole - 1
UMean = 3.33 kcal. mole - 1
UMode = 2.98 kcal. mole-'
y = 6.7 ± 32.5
v = 0.82 + 3.07 ml. (S.T.P.) g.1
v = 4.27 ± 99.81 x 1012 sec. - 1
2a/B (Ideal) = 3.16 kcal. mole-'
a= 343.0 x 10-30 erg cm. 2 molecule - 2
S = 31.2 A. 2 molecule -
Thermodynamic Data
AStr =-0.0127 kcal. mole - 1 deg.-1
-S
ASro = 0.0 kcal. mole-' deg.-'
AS ib = 0.0025 kcal. mole - 1 deg. -'
AEin = -0.2565 kcal. mole-'
A = 0.49247 x 107
















2 4 6 8
ADSORPTIVE POTENTIAL, kcal./mole
Adsorptive Potential Distribution for CFC13 Adsorption






C 2 4 6 8 10
PRESSURE, torr. (x 109)
Figure 77. Multilayer Adsorption Model Fitted to the CFC13 Holo-
cellulose Adsorption Data at 258.15°K
8r
l l I I I
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TABLE LVI
CFC1 3 ADSORPTION DATA
Adsorbent: Holocellulose




























































baressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
















































































CFC1 3 ADSORPTION DATA
Adsorbent: Holocellulose















































pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
































































































CFC1 3 ADSORPTION DATA
Adsorbent: Holocellulose





































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
































































































Sample Mass: 0.50414 g.



























































































Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
CSpecific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE LIX (Continued)
CFC1 3 ADSORPTION DATA
Adsorbent: Holocellulose




























































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.





Sample Mass: 0.50251 g.















































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.











































































































Med i a n = 3.03 + 9.6 0a kcal. mole
-
UMean = 3.13 kcal. mole -1
UMode = 2.85 kcal. mole- 1
Y = 8.1 ± 41.6
V = 1.80 +.9.35 ml. (S.T.P..) g.- 1
V = 2.49 + 45.36 x 1012 sec.-'
2ac/ (Ideal) = 3.16 kcal. mole - 1
a = 343.0 x 1030 erg cm.2 molecule- 2
¢ = 31.2 A.2 molecule-'
Thermodynamic Data
ASt r = -0.0127 kcal. mole-1 deg.
-s
AS = 0.0 kcal. mole- 1 deg.
AS = 0.0035 kcal. mole-1 deg.1
AEk in = -0.2565 kcal. mole-'
A = 0.33370 x 107




















Adsorptive Potential Distribution for CFC13 Adsorption
on Alkali-Extracted Holocellulose at 258.15°K
X
PRESSURE, torr. (x 10I )
Figure 79. Multilayer Adsorption Model Fitted to the CFC13 Alkali-





Sample Mass: 0.50261 g.
Isotherm Temperature: 268.15°K
Specific c
Equilibriuma Apparent Mass Correctedb Mass Volume Adsorbed,
Pressure, torr. Adsorbed, g. Adsorbed, pg. ml. (S.T.P;)/g.
1st Experimental Run
0.046 -20.0 2.3 0.0007
0.115 -23.0 9.4 0.0031
0.285 -25.0 10.5 0.0034
0.581 -26.0 12.0 0.0039
1.149 -27.0 16.3 0.0053
2.068 -26.0 21.0 o.0068
5.331 -20.0 33.4 0.0108
10.025 -11.0 54.6 0.0177
15.047 0.0 74.7 0.0242
19.873 7.5 88.6 0.0288
24.987 15.5 104.2 0.0338
30.087 24.0 121.2 0.0393
40.207 38.5 153.6 0.0498
50.105 50.0 182.5 0.0592
59.567 61.0 211.3 0.0685
79.952 79.0 271.3 0.0880
99.554 98.0 335.5 0.1088
119.655 125.0 412.8 0.1339
139.219 152.0 494.2 0.1603
159.889 218.0 637.1 0.2067
pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
Specific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE LXII (Continued)
CFC1 3 ADSORPTION DATA
Adsorbent: Alkali-Extracted Holocellulose




























































































Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
CSpecific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE LXIII
CFC1 3 ADSORPTION DATA
Adsorbent: Alkali-Extracted Holocellulose
































































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
































































































&Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.









































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.

































































































CFC1 3 ADSORPTION DATA
Adsorbent: Alkali-Extracted Holocellulose








































































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.




CFC1 3 ADSORPTION DATA
Adsorbent: Alkali-Extracted Holocellulose








































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
Specific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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TABLE LXVI
CFC1 3 ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose















































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular effect.








































































































UMedian = 3.80 ± 4 .0a kcal. mole - 1
UMean = 3.89 kcal. mole-
UMode = 3.64 kcal. mole - 1
y = 11.2 + 20.9
V8 = 1.90 + 3.38 ml. (S.T.P.) g.-
v = 2.59 + 29.62 x 1012 sec.-1
2a/B (Ideal) = 3.16 kcal. mole - 1
a = 343.0 x 10-30 erg cm. 2 molecule - 2
S = 31.2 A. 2 molecule-
Thermodynamic Data
AS = -0.0127 kcal. mole- deg.-
-s
ASr o t =0.0 kcal. mole1 deg. 1
AS i b = 0.0034 kcal. mole- deg.-
AEkin = -0.2565 kcal. mole - 1
A = 0.34708 x 107















Adsorptive Potential Distribution for CFC1 3 Adsorption
on Acid-Hydrolyzed Holocellulose at 258.15°K
X
4 6
PRESSURE, torr. (A 101)
Figure 81. Multilayer Adsorption Model Fitted to the CFC1 3 Acid-
Hydrolyzed Holocellulose Adsorption Data at 258.15°K
-296-
TABLE LXVIII
RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL DATA





UMed i a n = 3.08 + 1.41a kcal. mole
UMean = 3.19 kcal. mole - 1
UMode = 2.88 kcal. mole-1
Y = 7.3 ± 7.4
Vg = 3.57 + 6.02 ml. (S.T.P.) g.-
v = 1.48 x 10 12 sec. - 1 (Calculated from the median adsorptive potential)
2ca/B (Ideal) = 3.16 kcal. mole-i
= 343.0 x 10-30 erg cm.2 molecule - 2
5 = 31.2 A. 2 molecule - 1
Thermodynamic Data
ASt = -0.0127 kcal. mole- 1deg.-
-S
AS t = 0.0 kcal. mole 1 deg.
ASvib = 0.0046 kcal. mole 1 deg.
AEkin = -0.2565 kcal. mole-1
0
A = 0.21669 x 107




















Adsorptive Potential Distribution for CFC13 Adsorption
on Acid-Hydrolyzed Holocellulose at 258 0 15°K
PRESSURE, torr. (n 10 )
Figure 83. Multilayer Adsorption Model Fitted to the CFC13 Acid-
Hydrolyzed Holocellulose Adsorption Data at 258.15°K




RESULTS OF FITTING MULTILAYER ADSORPTION MODEL TO EXPERIMENTAL
DATA WITH BOTH VIBRATIONAL FREQUENCY AND MONOLAYER





UMedian = 4.65 + 0 .07a kcal. mole
- 1
Me an = 4.68 kcal. mole - 1
UM ode = 4.60 kcal. mole - 1
Y = 43.3 ± 22.0
Va = 0.61 ml. (S.TI.P;.) .-
-B
v = 1.82 x 1012 sec.-1
2c/$ (Ideal)'= 3.16 kcal. mole- 1
a = 343.0 x 10-30 erg cm. 2 molecule - 2
B = 31.2 A. 2 molecule-i
Thermodynamic Data
ASt = -0.0127 kcal. mole- deg. 1
-S
ASr°t = 0.0 kcal. mole- 1 deg.-
AS ib = 0.0042 kcal. mole - 1 deg. -
AEkin = -0.2565 kcal. mole- 1
= 0.2595 x 107A = 0.25925 x l0
Approximate 95% linear confidence limits.
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2 4 6 8 10
ADSORPTIVE. POTENTIAL, kcal./mole
Adsorptive Potential Distribution for the CFC13 Acid-




PRESSURE, torr. (x 101)
8 10
Figure 85. Multilayer Adsorption Model Fitted to the CFCls Acid-
Hydrolyzed Holocellulose Adsorption Data at 258.15°K
with both the Vibrational Frequency and the Monolayer





























CFC1 3 ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose


























































































































8Pressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.






























































































aPressure corrected for thermal transpiration.
Data corrected for buoyancy and .thermomolecular flow effect.


















































































































CFC1 3 ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose


































































































































baressure corrected-for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.













































CFC1 3 ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose










































































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.




CFC1 3 ADSORPTION DATA
Adsorbent: Acid-Hydrolyzed Holocellulose































































































bPressure corrected for thermal transpiration.
Data corrected for buoyancy and thermomolecular flow effect.
Specific volume adsorbed calculated as volume adsorbed per gram of adsorbent.
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